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ABSTRACT 


This  report  describes  t>vj  results  of  a  9-month  study  of  a  lightweight  inte¬ 
gral  regenerative  turbine  for  high  performance. 

Two  we  1 1- integrated  engine  concepts  have  been  designed  by  utilizing  an 
annular  recuperator  cf  Cupular  construction  wrapped  around  the  turbo¬ 
machinery  to  give  compact,  lightweight  engine  packages.  In  both  designs, 
the  recuperator  is  considered  tc  be  prime  structure  end  acts  as  the  struc¬ 
tural  backbone  of  the  engine  assembly.  Utilizing  su^h  an  arrangement,  the 
recuperator  and  turbonsechinary  being  concentric,  minimizes  any  distortion, 
temperature  differentials,  and  pressure  losses,  and  by  having  ail  the  ducts 
integral  with  the  engine  structure,  contributes  to  a  lower  overall  engine 
cost. 

Ease  of  routine  inspection  and  maintenance  for  the  two  engines,  which  were 
designed  with  the  minimum  of  mechanical  complexity,  is  emphasized  by  the 
fact  that  with  a  single  tool,  the  engine  assembly  can  be  split  into  the 
three  bcsic  modules,  namely,  the  gas  generator  power  section,  the  power  tur¬ 
bine  section  and  the  recuperator,  in  a  few  minutes. 

For  the  cycle  conditions,  with  an  airflow  of  5  Ib/sec,  pressure  ratio  of 
9:1,  and  a  turbine  inlet  temperature  of  230C°F,  h  family  of  lightweight 
engine  designs  has  been  established  over  a  rsnge  of  recuperator  effective¬ 
ness  from  0.40  to  0.8Q  and  a  range  of  pressure  lo^s  frern  4  percent  to  iO 
percent.  At  the  extreme  end  of  the  ranges  of  variables,  an  engine  design 
is  concluded  with  a  specific  fuel  consumption  of  0.533  lb/hp  hr  the  corres¬ 
ponding  specific  power  being  194.70  hp/lb/sec  This  performance  is  achieved 
within  an  engine  envelope  of  23. i8  in.  diameter  by  33.0  in.  length;  the 
specific  weight  of  the  unit  is  4?. 66  lb/lb/sec. 

In  the  analysis,  a  reference  engine  design  was  established  with  a  recupera¬ 
tor  effectiveness  and  pressure  loss  of  0.65  and  6  percent  respectively. 

With  an  5FC  end  specific  pewer  of  0.365  and  192.54  respectively,  the  specific 
weignt  of  the  lightest  design  was  34.72,  this  corresponding  to  a  cower-tc- 
weight  ratio  of  5.55.  This  performance  is  achieved  within  an  engine  enve¬ 
lope  of  19.04  in.  diameter  fey  28,5  in.  length  and  at  an  estimated  cost  of 
$42. 9 /horsepower. 

To  provide  a  direct  comparison  in  the  analytical  studies,  a  ncnrecuperat I ve 
engine  was  designed  using  the  same  cycle  conditions.  With  an  SFC  and  spe¬ 
cific  power  of  0.466  and  204.4  respectively,  the  specific  weight  of  the 
eng:re  was  23.35,  this  corresponding  ;;o  a  power-to-iveight  ratio  of  8.75. 

This  performance  is  achieved  within  an  engine  envelope  of  14.0  in.  diameter 
by  28.55  in.  length  and  at  an  estimated  cost  of  $33. 24/horsepower. 
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INTRODUCTION 


Application  of  recuperation  to  the  small  gas  turbine  can  provide  a 
significant  improvement  in  Army  aircraft  range  capability  and  in  fuel 
logistics.  Recuperators  are  attractive  from  standpoints  of  both  increased 
range  per  load  of  fuel  and  ootentially  lower  overall  costs  resulting  from 
fuei  savings. 

To  date,  very  few  recuperative  gas  turbines  have  been  utilized  for  aircraft 
or  helicopter  propulsion.  In  most  cases,  the  engines  evaluated  have  been 
existing  gas  turbines  which  were  modified  to  accommodate  a  recuperator. 

While  these  engines,  with  essentially  bolt-on  recuperators,  have  performed 
satisfactorily  and  have  demonstrated  the  structural  integrity  of  the  heat 
exchanger,  they  do  not  represent  optimum  designs  from  the  standpoints  of 
maximum  performance  and  minimum  weight. 

In  this  study,  analytical  and  design  approaches  have  been  made  to  arrive  at 
a  truly  integrated  engine  design,  not  merely  arrangements  in  which  the 
recuperator  was  added  to  the  turbomachinery.  Venous  compressor,  turbine, 
combustor,  and  recuperator  arrangements  were  evaluated  and  assessed  on  the 
basis  of  degree  of  integration.  One  of  the  principal  goals  was  to  estab¬ 
lish  a  1 ightweight, compact  engine  unit. 

The  engine  cycle  conditions  were  fixed}  namely,  a  mass  flow  rate  of  5.0  lb/ 
sec,  a  turbine  Inlet  temperature  of  2300°F,  and  a  compressor  pressure 
ratio  of  9:1.  All  of  the  component  efficiencies  were  defined,  with  the 
exception  of  recuperator  effectiveness  and  pf-essure  loss,  which  were  con¬ 
sidered  as  variables  ir  the  study.  The  study  was  aimed  at  selecting  two 
engine  configurations,  one  for  external  installation  on  the  aircraft  or 
helicopter  and  the  other  for  internal  installation.  Various  flow  configura¬ 
tions  were  evaluated  as  a  part  of  the  study  aimed  at  identifying  the  optimum 
unit  for  each  type  of  installation.  Engine  configurations  having  minimum 
weight  and  cost  were  selected,  and  a  sensitivity  study  was  carried  out  to 
show  how  small  changes  in  any  one  of  the  basic  parameters  affect  the  com¬ 
plete  system.  For  each  type  of  installation,  optimum  recuperators  are 
identified  for  maximum  net  weight  savings  at  given  mission  times. 

U.  S-  Army  Aviation  Materiel  Laboratories  initiated  6  9-month  program 
to  evaluate  lightweight  integrated  recuperator  concepts  for  small  high 
performance  aircraft  gas  turbines.  This  document  is  part  of  the  final 
report  of  that  program. 

The  program  was  organized  into  five  work  tasks  as  outlined  below: 

Task  I  -  Engine  Performance  and  Design  Data 

Task  2  -  Configuration  Study 

Task  3  -  Recuperator  Parametric  Study 


Task  4  -  System  Comparison  and  Evaluations 

Task  5  -  Sensitivity  Stucy  or  Optimum  Systems 

Each  work  task  !s  described  in  a  separate  section  of  this  report, 
results  and  the  program  conclusions  are  presented  in  the  last  two 
of  this  report. 
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ENGINE  PERFORMANCE  AND  DESIGN  DATA 


CYCLE  DETAILS 

The  basic  engine  design  point  parameters  are  outlined  in  Table  I;  in  addi 
tion,  a  series  of  parameters  necessary  for  establishing  the  size  and  per¬ 
formance  of  the  turbomachinery  components  is  outlined  in  Table  II.  This 
data  was  used  in  a  computer  program  written  for  gas  turbine  engine  cycle 
analysis  and  component  evaluation. 


TABLE  I.  ENGINE  DESIGN  POINT  CYCLE  DATA 


Engine  airflow,  Ib/sec 
Compressor  pressure  ratio 
Compressor  efficiency,  percent 
Combustor  efficiency,  percent 
Combustor  pressure  drop,  percent 
Turbine  inlet  temperature,  °F 
Gas  generator  turbine  efficiency,  percent 
Power  turbine  efficiency,  percent 
Cooling  air,  first  nozzle,  percent 
Cooling  air,  first  blade,  percent 
Cooling  air,  second  nozzle,  percent 
Fixed  geometry 


PERFORMANCE  DATA 

A  study  was  carried  out  to  est irate  the  performance  of  the  recuperative 
engine  as  a  function  of  the  two  basic  heat  exchanger  parameters,  namely, 
effectiveness  and  pressure  loss.  In  Figure  I,  the  curves  show  specific 
fuel  consumption  ( SFC)  and  engine  specific  power  (sp  hp)  as  a  function  of 
recuperator  effectiveness  and  pressure  loss.  Recuperator  effectiveness  (e) 
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TABLE  II.  ADDITIONAL  DATA  USED  IN  ENGINE  CYCLE  ANALYSIS 


Inlet  duct  loss  (AP/P) 

Interstage  turbine  diffuser  loss,  percent 

Leakage  (at  compressor  discharge  pressure)  V, 
percent 

LHV  of  fuel,  Btu/lb 
Accessory  power,  hp 

Gas  generator  mechanical  efficiency,  percent 
Recuperator  leakage 
♦Range  of  recuperator  effectiveness 


♦♦Range  of  recuperator  pressure  loss  (~j), 
percent 

Recuperator  pressure  loss  split 
UP/P)sas/UP/Ma.r 

Total  cooling  airflow  Wj.,  percent 
Compressor  discharge  mass  fiow,  lb/sec 
Recuperator  inlet  flow  (cold  side),  Ib/sec 
5.0  -  (1.5%  WL  +  3.5%  Vc) 


Gas  generator  turbine  inlet  flow,  Ib/sec 
‘.75  +  ( 2 If  Wfue|) 

Power  turbine  inlet  flow,  lb/sec 
4.85  +  (3%  Wj,  reentered) 

Recuperator  inlet  flow  (hot  side),  Ib/sec 


0 

3 

1.5 

18,400 

6.0 

98 

0 

0.40  to  0.90 
2  to  10 

1.5 


3.5 


5-0 


4.75 


4.85 


5.0 


5.0 


♦Recuperator  effectiveness  e  defined  as  e- 


(W.C  )  .  (T  ~T.  )  . 
pair _ out  in  air 


(w.cj  .  (t.  -T.  rr 

p  min  in  gas  in  air; 


where  W  =*  mass  flow  rate 
Cp  =  specific  heat 
T  =  total  temperature 


♦♦Recuperator  overall  pressure  loss  (AP/P)  defined  as 


,  AP  .  x  .  AP  x 

^  ■  (r^f-  * 


air  in 


gas  i  n 


Specific  fuel  consumption,  lb/hp-hr  Specific  power,  hp/lb/sec 


Recuperator  effectiveness 


Figure  I.  Effect  of  Recuperator  on  Specific  Fuel 
Consumption  and  Specific  Power. 
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is  varied  from  0.40  to  0.90,  and  pressure  loss  (&P/P)  is  , varied  from  2  to 
10  percent.  The  curves  are  drawn  for  standard  day,  sea  level  conditions, 
w;th  zero  aircraft  velocity. 

To  compare  performance,  weight,  and  cost  between  a  nonrecuperative  and  a 
recuperative  engine,  a  further  analysis  was  considered.  Using  the  same 
cycle  conditions  and  component  efficiencies,  a  performance  estimate  of  a 
nonrecuperative  engine  was  carried  out.  Although  a  direct  comparison  of 
performance,  weight,  and  cost  between  nonrecuperative  and  recuperative 
engines  is  being  mad**^  in  -viual  practice  the  optimum  nonrecuperative  engine 
might  have  been  at  a  much  higher  pressure  ratio  than  the  9:1  given  for  the 
recuperative  engine.  To  enable  layouts  to  be  made  of  the  recuperative 
engine,  a  cycle  point  corresponding  to  intermediate  values  of  effectiveness 
and  pressure  loss  was  selected.  Considering  mean  values  of  effectiveness 
and  pressure  loss  from  the  range  given  in  Table  II,  a  design  with  an  effec¬ 
tiveness  and  pressure  loss  of  0.65  and  6  percent,  respectively,  was  selected 
and  sized  so  that  conceptual  design  layouts  of  the  recuperative  and  non¬ 
recuperative  engines  could  be  made.  Throughout  the  study,  this  engine 
design  point  has  been  referred  to  as  the  reference  recuperative  engine. 

From  the  performance  analysis,  a  direct  comparison  between  the  reference 
recuperative  engine  and  the  nonrecuperative  engine  is  given  below. 


Specific 

Power 

Power 

SFC 

(hp/lb/sec) 

(hp) 

(hp/lb/hr) 

Reference 

recuperative  engine 

192.54 

962.7 

0.365 

Nonrecuperat ive 

205.66 

1028.3 

0.464 

engine 


Values  of  temperature  and  pressure  throughout  the  cycle,  together  with 
salient  component  loadings,  for  the  recuperated  and  ncnrecuperated  engines 
are  given  in  Tables  III  and  IV,  respectively. 

COMPRESSOR  DESIGN 

During  the  preliminary  phase  of  this  program,  when  the  compressor  type 
was  being  evaluated,  advantage  was  taken  of  the  findings  from  a  small  axial- 
centrifugal  compressor  matching  program  being  carried  out  at  AiResearch 
(Reference  I).  This,  together  with  other  work  in  the  industry,  indicated 
that  an  axial-centrifugal  compressor  would  provide  high  efficiency  and 
would  be  well  suited  for  an  engine  having  the  design  point  at  the  maximum 
power  rating.  The  axi a! -centr i fugal  compressor  configuration  gives  a  short 
package  envelope,  and  can  be  produced  at  a  relatively  low  cost. 


! 
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♦Values  based  on  reference  engine  conditions  (c  »  0.65;  AP/P  ■  A  percent) 


TA8LE  IV.  NONRECUPERATIVE  ENGINE  DATA 
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Disc  stress  2nd,  Ib/sq  in.  55,054 

Rotor  weight  W^)  1st,  lb  4.8Q5  6.396 

Rotor  weight  W^)  2nd,  lb  6.244 

Rotor  weight  W^,  lb  4.805  (2.640 

V  /A*  )_  0.423  0.357 


Overall  design  performance  estimates  were  made  based  on  current  in-house 
and  industry  technology  and  on  advanced  technology  projections  considered 
to  be  achievable  within  a  3-year  development  program.  Component  perfor¬ 
mance  was  estimated  eaing  existing  test  data  and  advanced  technology  pro¬ 
jections  for  single-stage  axial  compressors  as  shown  in  Figures  2  and  3. 

The  axial  compressor  performance  was  taken  from  the  state-of-the-art  curve 
shown  in  Figure  3.  The  aerothermodynamic  analysis  showed  that  the  required 
performance  could  be  realized  with  pressure  ratios  of  1.5  and  6.0  for  the 
axial  and  centrifugal  compressor  stages,  respectively. 

The  specific  speed,  N's,  of  the  centrifugal  compressor  is  in  the  order 
of  50,  and  for  this  value  the  projected  curve  on  Figure  2  shews  a  poly¬ 
tropic  efficiency  of  86.5  percent.  This  is  approximately  one  percentage 
point  higher  than  that  shown  for  existing  compressors  and  is  equivalent  to 
an  adiabatic  efficiency  of  81.6  percent  at  a  pressure  ratio  of  6.0.  The 
adiabatic  efficiency  of  the  axial  stage  is  90.5  percent,  and  combining  the 
two-stage  efficiencies  yields  an  overall  compressor  efficiency  of  82  percent. 

TURBINE  DESIGN 

For  a  recuperative  engine  design  of  minimum  volume  and  weight,  it  is 
desirable  to  establish  a  design  in  irfiich  the  exit  Msch  number  from  the  last 
turbine  stage  is  as  low  as  possible  in  order  to  minimize  exit  diffuser 
length  and  turning  losses  in  the  turbine  to  recuperator  ducts.  Although 
the  design  value  of  total -to-total  power  turbine  efficiency  of  90  percent 
may  be  attained  in  a  single  stage,  the  above  mentioned  condition  could  not 
be  satisfied.  For  example,  related  studies  involving  similar  engine  types 
indicate  a  three  percentage  point  penalty  in  total -to-static  efficiency  for 
a  one-stage  turbine  compared  to  a  two-stage  turbine.  The  corresponding 
reduction  in  duct  exit  Mach  number  was  31  percent.  For  these  reasons,  a 
two-stage  power  turbine  was  selected  for  the  recuperative  engine  design. 

With  a  turbine  inlet  temperature  of  2300°F,  the  relatively  small  amount 
of  cooling  air  specified  in  the  contractual  agreement  for  the  turbine  com¬ 
ponents  suggests  the  use  of  a  highly  sophisticated  cooling  scheme  in 
combination  with  advanced  materials  which  would  allow  metal  temperature  in 
excess  of  I800°F.  Using  present  materials  and  convective  cooling  tech¬ 
niques,  it  has  been  estimated  that  coolant  flow  would  have  td  be  increased 
by  nearly  a  factor  of  3  in  order  to  realize  a  1000-hr  life  from  the  critical 
rotating  components.  It  is  believed  that  within  the  projected  time  period 
to  a  preflight  rating  test  for  the  subject  engine,  a  material  or  materials 
will  be  developed  which  will  allow  use  of  uncooled  stators  for  the  desired 
operating  temperature,  or  at  least  will  allow  a  consi derabla  reduction  in 
the  amunt  of  cooling  air  required.  If  the  stator  coolant  requirements  are 
reduced  enough,  convective  cooling  techniques  could  provide  the  required 
cooling  for  the  rotor  blades  with  use  of  the  specified  total  cooling  air¬ 
flow  rate.  If  stator  materials,  such  as  silicon  nitride  and  alloys  of 
columbium,  to  allow  vane  temperature  to  exceed  I800°F  are  not  available, 
then  no  significant  reduction  in  stator  cooling  requirements  would  neces¬ 
sitate  using  transpiration  cooling  techniques  for  some,  or  possibly  all, 
of  the  cooled  components. 
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tags  Axial  Compressor  Efficiency  Estimates 


The  turbine  flow-path  sizing  and  stage  work,  etc.,  were  based  upon  use 
of  the  specified  coolant  flow  rates  and  stage  efficiencies.  However, 
because  of  the  uncertainty  of  the  effects  of  transpiration  cooling  on  the 
aerodynamic  characteristics  of  the  turbine  stages,  the  effect  of  Josses  due 
to  cooling  was  not  considered  in  the-  estimation  cf  the  turbine  efficiency. 

The  calculated  total -to-total  efficiency  of  the  gas  generator  turbine, 
with  an  assumed  0.015-in.  radial  clearance,  was  89.5  percent  neglecting 
aerodynamic  losses  due  to  cooling.  This  value  is  3.5  percentage  points 
higher  than  the  design  value;  therefore,  it  is  felt  that  a  sophisticated 
cooling  technique  and/or  use  of  advanced  materials  would  allow  a  developed 
axial  gas  generator  turbine  to  operate  with  a  total -to-total  efficiency  of 
86  percent. 

Since  a  two-stage  turbine  was  selected,  the  aerodynamic  design  of  the 
power  turbine  is  more  conservative  than  that  for  the  gas  generator  turbine- 
Ope rating  with  a  0.015-in.  radial  clearance,  the  turbine  is  estimated  to 
have  a  total -to-total  efficiency  of  90.5  percent  (again  neglecting  aero¬ 
dynamic  lossei-  due  to  cooling).  The  two-stage  design  has  a  relatively  low 
exit  Hach  number  (0.346),  and  thus  it  permits  use  of  an  exit  diffuser 
having  an  effective  length  of  only  3.5  in.  Since  the  coolant  flow  rate  is 
relatively  low  for  this  turbine  (0.5  percent  for  the  first-stage  stator). 

It  is  felt  that  no  significant  problems  woul-d  be  encountered  in  developing 
the  turbine  to  operate  at  the  specified  efficiency  of  90.0  percent  including 
cooling  losses. 

The  efficiency  estimation  for  this  turbine  was  based  upon  counterrotating 
the  power  turbine  in  order  to  keep  the  power  turbine  first-stage  stator 
turning  losses  low  (since  the  gas  generator  turbine  runs  with  25  to  30  deg 
of  counterswirl  at  the  design  point)  If  counterrotation  was  not  provided, 
a  small  additional  stage  loss  would  be  incurred. 

C0HBUST0R  DESIGN 

In  advanced  regenerative  engines  having  high  compressor  pressure  ratios 
and  high  turbine  inlet  temperature,  flame  tube  cooling  becomes  increasingly 
difficult.  One  partial  solution  to  this  problem  is  to  reduce  the  surface 
area  of  the  sheet  metal  to  be  cooled.  Reduction  of  area  is  accomplished  by 
shortening  the  combustor  as  much  as  possible.  For  this  design  the  end 
result  of  shortening,  traded  off  against  pressure  losses  and  efficiency 
effects,  was  a  reduced  volume  combustor  which  fits  conveniently  into  the 
cavity  formed  between  the  back  face  of  the  centrifugal  compressor  diffuser 
and  the  recuperator  gas  side  duct.  Although  the  combustor  is  relatively 
small,  it  is  still  conservative  on  pressure  loss  (which  is  set  by  the 
diffuser  exit  dynamic  head)  ar<d  should  have  starting  capability  up  to 
33,000-ft  altitude. 
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In  typical  gas  turbine  engines,  most  of  the  hert  input  to  the  flame  tube 
is  from  radiation,  and  60  percent  of  the  flame  tube  cooling  is  by  externa  1- 
forced  convection  (which  effectively  controls  the  allowable  pressure 
loss).  By  utilizing  a  vaporizing,  forced  recirculation-type  combustor 
which  operates  with  a  blue  flame,  radiation  is  reduced  significantly  and 
flame  tube  heating  is  thereby  reduced.  Add  it ional ly,  as  discussed  above, 
the  sheet  metal  surface  was  minimized  in  order  to  conserve  cooling  sir. 

The  net  effect  is  that  flame  tube  cooling  is  not  considered  to  be  a  signif¬ 
icant  problem  in  this  combustor  desjgn. 

Attainment  of  an  adequate  temperature  distribution  factor,  TOF,  is 
considered  to  be  the  prime  development  problem  with  this  combustor,  where 
TDF  is  defined  as 


TDF  = 


T  -  T 
max  s 


T  -  T. 
av  in. 


HEAT  EXCHANGER  DESIGN 

Since  a  complete  section  in  this  report  is  written  specifically  on  the  heat 
exchanger,  this  section  merely  outlines  overall  goals.  The  fixed  boundary 
recuperator  (as  opposed  to  the  rotary  regenerator  and  liquid-coupled  re¬ 
generator)  was  chosen  because  of  its  simplicity,  high  reliability,  and  zero 
leakage,  and  because  much  test  and  fabrication  experience  has  been  accumu¬ 
lated  by  AiResearch  over  the  last  few  years.  The  matrix  must  be  designed 
so  that  high  heat  transfer  performance  is  achieved  under  severe  limitations 
of  pressure  drop,  weight,  volume,  and  cost.  The  recuperator  must  be  inte¬ 
grated  with  the  engine  with  careful  attention  given  to  efficient  diffusion 
Gf  the  air  and  gas  streams,  and  good  flow  distribution.  Material  selection 
and  mechanical  design  of  the  recuperator  must  be  compatible  with  required 
se-vice  life  under  severe  operating  conditions  of  vibration,  high  tempera¬ 
ture,  and  operation  in  a  corrosive  hot  gas  atmosphere. 


The  recuperator  shown  in  the  reference  engine  in  Figure  4  is  an  annular 
design  wrapped  around  the  turbomachinery;  with  this  arrangement,  the  recu¬ 
perator  is  considered  to  be  prime  engine  structure,  thus  giving  a  fully 
integrated,  lightweight,  compact  engine  package.  With  the  recuperator  being 
fully  integrated  with  the  turborittchinery,  the  need  for  additional  ducting 
to  take  the  air  and  gas  to  and  from  the  heat  exchanger  is  eliminated.  The 
recuperator  as  shown  is  a  lightweight  tubular  design  of  brazed  and  welded 
construction. 


This  engine  design  concept  divides  the  components  into  two  basic  modules. 

The  gas  generator  assembly,  including  all  accessories,  comprises  one  module. 
The  other  module  integrates  the  power  turbine  and  recuperator.  Separation 
of  these  modules  is  accomplished  by  removal  of  bolts  from  one  flange,  which 
is  located  in  a  plane  just  aft  of  the  centrifugal  compressor.  The  two 
rotating  assemblies  are  essentially  isolated  from  each  other.  The  only 
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internal  mechanical  connection  is  through  a  piston-ring  seal  between  the 
gas-generator  turbine  shroud  and  the  interstage  diffuser  duct.  Thus, 
movement  of  the  turbine  shrouds  relative  to  ti-o  blades,  due  to  thermal 
gradients,  should  be  minimized  since  the  shrouds  are  cantilevered  only  a 
short  distance  from  their  respective  turbine  housings,  and  movement  of 
structural  members  is  not  transmitted  from  component  to  component. 

The  primary  lead  path,  through  which  the  power  turbine  bearing  housing 
is  supported,  originates  at  the  flange,  passes  through  the  outer  plenum, 
and  through  three  struts  to  the  housing.  The  three  struts  pass  through  the 
turbine-to-recuperator  duct  and  through  the  exnaust  annulus*  The  entire 
assembly  of  outer  shell,  struts,  turbine-to-recuperator  duct,  exhaust 
annulus,  recuperator  core,  and  bearing  housing  shell  is  formed  as  an  inte¬ 
gral  unit  by  brazing  and  welding.  With  the  same  tool  used  for  separating 
the  basic  engine  modules,  this  entire  recuperator  assembly  can  be  quickly 
removed  from  the  power  turbine  section  by  the  removal  of  bolts  in  one  flange 
only.  Considerable  stability  is  afforded  by  this  recuperator  structure, 
and  large  excursions  if  the  power  turbine  bearing  housing  due  to  thermal 
gradients  are  not  expected*  With  the  flow  paths  chosen,  the  outer  shell  of 
the  assembly  operates  at  the  lowest  temperature,  and  it  is  expected  that 
growth  of  the  recuperator  due  to  temperature  would  be  toward  the  front  of 
the  engine.  Seals  at  the  forward  end  of  the  recuperator  which  provide 
continuity  of  flow  path  between  the  two  basic  modules  offer  compliance  to 
allow  for  this  growth. 

The  power  turbine  stators  and  interstage  diffuser  are  supported  by  members 
from  a  flange  which  is  carried  off  the  inner  diameter  of  the  turbine-to- 
recuperator  duct* 

The  output  shaft  was  located  at  the  rear  of  the  engine  to  obtain  a  simpli¬ 
fied  shafting  and  bearing  system.  By  minimizing  the  shaft  dynamics  problem 
and,  as  noted  above,  by  isolating  each  rotating  assembly,  it  is  expected 
that  turbine  tip  clearance  may  be  reduced  to  a  minimum  and  thus  provide 
increased  turbine  efficiency. 

Accessories  are  driven  from  the  front  end  of  the  gas  generator  shaft. 
Starter,  fuel  control,  fuel  pump,  and  oil  pump  are  all  sized  to  operate  at 
30,000  rpm.  A  considerable  reduction  in  weight  both  in  the  accessories 
and  in  the  accessory  drive  components  is  realized  by  allowing  this  rela¬ 
tively  high  rotative  speed. 

No  final  reduction  gearbox  has  been  shown  on  any  of  the  designs  considered 
in  this  report,  and  a  power  turbine  shaft  output  rotational  speed  of 
40,000  rpm  is  assumed* 

MATERIALS 

The  gas  generator  turbine  design  was  based  upon  use  of  Waspaloy  for  the 
disc,  material  and  MAR-M246  for  the  blade  material,  with  an  electron  beam 
weld  providing  the  attachment. 
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An  alternate  materia!  combination  which  could  be  considered  is  AF2-iDA  for 
the  disk  and  IN59!  for  the  blades*  The  material  AF2-IDA  is  extremely  diffi¬ 
cult  to  weld  without  the  generation  of  cracks*  Therefore,  for  this  material 
combination,  the  design  would  probably  require  use  of  a  fir  tree  attachment 
and  might  require  some  modifications  to  the  blade  design  to  accommodate  the 
attachment. 

If  the  gas  generator  turbine  stator  is  assumed  to  have  a  cooling  scheme 
which  will  maintain  a  vane  metal  temperature  of  I80G°F  with  the  specified 
coolant  flow  and  inlet  gas  temperatures,  one  of  the  following  superalloys 
could  be  used  for  vane  materials  IN738,  HAR-M432  or  MAR-M509.  Stator 
material  csndidates  that  would  allow  the  vane  temperature  to  exceed  I800°F 
are  silicon  nitride  and  alloys  of  columbium*  For  the  time  period  being 
considered,  it  is  expected  that  these  materials  will  be  developed  suffi¬ 
ciently  to  be  used  for  this  application. 

The  above  discussion  applied  equally  to  the  first-state  stator  in  the 
power  turbine.  For  the  second-stage  power  turbine  stator  and  both  power 
turbine  rotors,  the  gas  temperature  is  low  enough  to  permit  use  of  typical 
currently  used  superalloys.  For  this  study,  it  was  assumed  that  the  rotors 
were  integrally  cast  of  INI 00.  The  second-stage  stator  could  be  cast  of 
INCO  7I3C. 

Presently  available  alloys  considered  for  use  as  combustor  liner  materials 
include  Hastelloy  X  and  Haynes  188.  It  is  believed  that  alloys  of  colum¬ 
bium  or  silicon  nitride  could  be  utilized  for  advanced  designs. 

For  the  compressor,  the  following  materials  are  recommended: 

Axial  (blade  and  disc)  titanium  alloy  6AI-4V 

Centrifugal  (blades  and  disc)  titanium  alloy  6AI -2Sn-4Zr-2Mo 

In  the  recuperator  analysis  a  range  of  high  temperature  materials  were 
evaluated,  including  347  stainless  steel,  Hastelloy  X,  Incoloy  800, 

Inconel  625,  and  N— 1 55 - 

NONRECUPERATED  ENGINE  DESIGN 

To  compare  recuperative  and  nonrecuperative  engines  in  the  sensitivity 
study,  a  design  of  a  nonrecuperative  engine  using  the  same  cycle  conditions 
was  carried  out.  Details  of  the  nonrecuperated  engine  are  shown  in  Figure 
5.  The  major  design  considerations  upon  which  this  configuration  was  based 
are  out  I i ned  below: 

I.  The  axial  plus  radial  compressor  configuration  provides  the 
required  design  efficiency  in  a  short  package  envelope  and  at 
a  relatively  low  cost. 
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2.  The  reverse-flow  annular  burner  is  utilized  to  reduce  overall 
length.  Ho  penalty  in  diameter  is  incurred  since  the  burner 
00  is  within  the  package  envelope  dictated  by  the  compressor 
diffuser. 

3.  A  single-stage  turbine  having  relatively  high  loading  is 
utilized  for  the  gas  generator  turbine.  This  design  provides 
the  design  efficiency  specified  and;  as  studies  of  highly 
loaded  stages  have  shown,  has  the  design  potential  of  a  reduced 
relative  gas  temperature  and,  hence,  lower  rastal  temperature 
and  reduced  coolant  flow  rates. 

k.  A  two-stage  power  turbine  was  selected  to  provide  the  design 
point  efficiency  and  a  low-leaving  Mach  number* 

The  nonrecuperati ve  engine  is  also  of  modular  construction.  There  is  no 
mechanical  connection  between  the  gas  generator  and  power  turbine  rotating 
assemblies,  and  these  two  major  subassemblies  can  be  separated  by  the  re¬ 
moval  of  bolts  from  one  flange,  which  is  located  in  a  plane  directly  in 
line  with  the  power  turbine  first-stage  rotor. 


CONFIGURATION  STUDY 


DEFINITION  OF  FULLY  INTEGRATED  CONCEPT 

For  industrial  appl i cat  ion,  some  gas  turbines  are  designed  for  dual  operation 
as  recuperative  or  nonrecuperative  engines.  Provisioning  this  feature  in 
the  design  usually  necessitates  some  compromise  in  performance,  mechanical 
integrity,  and  cost,  because  neither  of  the  variants  represent  truly  optimum 
designs.  To  date,  very  few  recuperative  gas  turbines  have  been  utilized  for 
aircraft  or  helicopter  propulsion.  In  most  cases,  the  engines  evaluated 
have  been  existing  gas  turbines  which  were  modified  to  accommodate  an  exhaust 
heat  exchanger.  While  these  engines,  with  essentially  bolt-on  recuperators, 
have  performed  satisfactorily  and  have  demonstrated  the  structural  integrity 
of  the  heat  exchanger,  they  do  not  represent  optimum  designs  from  the  stand¬ 
points  of  maximum  performance  and  minimum  weight. 

In  this  study,  analytical  and  design  approaches  have  been  made  to  arrive  at 
a  truly  integrated  engine  design,  not  merely  arrangements  in  which  the 
recuperator  was  added  to  the  turbomachinery.  In  the  sizing  of  the  turbo¬ 
machinery  components,  several  gas  flow  paths  were  evaluated  and  assessed  on 
the  basis  of  degree  of  integration  with  the  recuperator  to  form  an  integral 
package.  In  most  of  the  designs,  the  recuperator  is  considered  to  be  prime 
structure  and  forms  the  structural  backbone  of  the  engine  assembly. 

Flow  configurations  for  two  types  of  engine  installation  were  evaluated.  In 
the  first  installation,  the  engine  assembly  is  mounted  externally,  and  in 
the  second,  the  engine  assembly  is  internally  installed  within  the  vehicle 
structure.  The  various  arrangements  shown  are  conceptual  designs  only  and 
are  drawn  to  show  the  gas  flow  paths  and  how  the  recuperator  is  integrated 
with  the  turbomachinery.  In  the  conceptual  designs  shown,  features  such  as 
the  gearbox,  primary  seals,  bearings,  detailed  component  interfaces,  and 
exhaust  ducts  have  not  been  included.  These  mechanical  aspects  associated 
with  a  truly  integrated  engine  arrangement  will  be  shown  later  in  layouts 
of  the  selected  configurations  for  each  type  of  installation. 

From  the  turbomachinery  aerodynamic  and  thermodynamic  studies,  it  was  round 
that  to  achieve  the  9:1  compressor  pressure  ratio  at  an  efficiency  of  82 
percent,  a  single  axial  and  radial  stage  could  be  utilized.  This  arrange¬ 
ment  gives  a  short  axial  flow  length,  and  air  delivery  ducts  to  the 
recuperator  can  be  integrated  with  the  engine  structure  by  virtue  of  the 
air  exiting  from  the  compressor  in  a  radial  direction.  To  realize  the 
gas  generator  and  power  turbine  efficiencies  of  86  percent  and  90  percent 
respectively,  axial  stages  are  required;  one  stage  is  necessary  for  the  gas 
generator  turbine  and  two  stages  are  necessary  for  the  power  turbine.  For 
the  combustor,  straight  through  flow,  reverse-flow  annular,  radial  annular, 
and  a  centrally  located  conical  arrangement  were  examined.  With  the  basic 
turbomachinery  aerothermodynamic  ground  rules  establishing  the  number  of 
stages,  etc,  a  series  of  conceptual  designs  is  outlined  in  which  considera¬ 
tion  is  given  to  packaging  of  the  recuperator  and  rotating  components  to 
give  a  compact  engine  Unit. 
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DESIGN  CONCEPTS  FOR  EXTERNAL  ENGINE  INSTALLATION  (A) 


The  conceptual  designs  shown  in  Figures  6  through  21  illustrate  the  gas 
flow  paths  envisioned  for  an  integral  unit;  the  actual  recuperator  surface 
geometries  for  the  selected  configurations  will  be  evaluated  in  the  para¬ 
metric  study  for  a  wide  range  of  operating  conditions.  With  this  type  of 
installation,  where  the  engine  assembly  itself  is  exposed  to  external  view, 
configurations  have  been  considered  in  which  the  recuperator  and  as  much  of 
the  associated  high  temperature  ducting  as  possible  are  effectively  hidden 
from  view. 

Configuration  A-)  shown  in  Figure  6  is  a  two-pass  cross-counterflow  design 
with  the  high  pressure  compressor  discharge  air  flowing  single  pass  inside 
the  tubes  and  the  low  pressure  turbine  exhaust  gas  flowing  two  pass  across 
the  bundle.  As  for  most  of  the  designs  shown,  plate-fin  or  finned-tube  sur¬ 
face  geometries  could  also  be  utilized.  The  recuperator  is  effectively 
shrouded  by  the  compressor  discharge  armulus.  The  recuperator  is  considered 
to  be  prime  engine  structure,  and  this  results  in  a  fully  integrated,  light¬ 
weight,  compact  engine  package.  With  the  recuperator  being  fully  integrated 
with  the  turbomachinery,  the  need  for  additional  ducting  to  take  the  air  and 
gas  to  and  from  the  heat  exchanger  is  eliminated.  The  exhaust  gas  leaves 
the  engine- recuperator  structure  in  an  axial  direction  through  an  annulus 
at  the  rear  of  the  engine.  The  turbomachinery  layout  is  conventional,  with 
the  power  turbine  drive  shaft  at  the  rear  {hot  end)  of  the  engine.  The  gas- 
generator  and  power  turbine  drive  shaft  assemblies  are  not  mechanically 
connected,  and  the  engine  can  be  quickly  split  into  the  two  basic  power 
modules  by  removing  the  bolts  from  one  flange  only. 

Configuration  A-2  shown  in  Figure  7  is  a  three-pass  cross-counterflow  design 
in  which  the  air  flows  single  pass  inside  the  tubes  and  the  gas  flows  three 
pass  across  the  bundle.  To  have  an  effectively  shrouded  recuperator  with 
this  flow  configuration,  it  is  necessary  to  exhaust  the  gas  radially  from 
the  recuperator  by  means  of  a  series  of  radial  ports  formed  through  the 
outer  air  annulus.  Locally  in  the  gas  exit  area,  the  recuperator  matrix 
would  be  partially  exposed.  The  recuperator  is  regarded  as  prime  engine 
structure,  and  this  results  in  a  light,  compact  engine  package. 

Configuration  A-3  shewn  in  Figure  8  is  a  multipass  variant  of  configuration 
A-l  for  designs  requiring  a  high  level  of  effectiveness.  The  multipassing 
on  the  low  pressure  gas  side  implies  that  the  surface  geometry  compactness 
would  have  to  be  fairly  low  to  satisfy  the  low  gas  side  pressure  loss  re¬ 
quirement.  The  recuperator  again  is  assumed  to  be  prime  engine  structure. 
The  exhaust  gas  leaves  the  engine  in  an  axial  direction  through  an  annulus 
at  the  rear  of  the  package. 
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Figure  8.  Engine  Configuration  A-3. 
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Configuration  A-4  shown  in  Figure  9  is  a  two-pass  cross-counterflow  design 
with  the  high  pressure  air  flowing  two  pass  inside  the  tubes  and  the  gas 
flowing  single  pass  across  the  bundle.  The  recuperator  is  considered  to  be 
prime  structure,  but  additional  ducting  is  required  as  shown  to  give  a 
design  in  which  the  recuperator  is  effectively  hidden  from  view.  The  ex¬ 
haust  gas  leaves  the  engine  in  an  axial  direction  through  an  annulus  at 
the  rear  of  the  package. 

Configurations  A-5  and  A-6  shown  in  Figures  10  and  11  respectively  are 
both  counterflow  plate-fin  variants.  With  such  a  flow  configuration,  end 
sections  are  necessary  to  direct  the  air  and  gas  to  and  from  the  pure 
counterflow  portion  of  the  heat  exchanger.  The  conceptual  designs  show 
typical  mitered  headei ing  arrangements  that  can  be  utilized  in  a  plate-fin 
unit.  The  plate-fin  variants  could  be  either  of  modular  construction,  in 
which  a  series  of  elements  would  be  circumferentially  positioned  around  the 
turbomachinery,  or  a  full  annular  core,  in  which  the  matrix  would  be  fab¬ 
ricated  as  one  assembly.  In  either  case,  the  recuperator  assembly  could 
be  considered  as  prime  structure.  In  both  configurations,  the  exhaust  gas 
leaves  the  engine  in  an  axial  direction  from  the  rear  of  the  package. 

Configuration  A-7  shown  in  Figure  12  is  a  two-pass  cross-counterflow  design 
with  the  high  pressure  compressor  discharge  air  flowing  single  pass  across 
the  bundle  and  the  low  pressure  turbine  exhaust  gas  flowing  two  pass  inside 
the  tubes.  This  flow  pattern  could  also  be  realized  with  plate-fin  or 
finned-tube  surface  geometries.  The  recuperator  is  again  assumed  to  be 
prime  engine  structure  giving  an  integral  engine  unit.  The  exhaust  gas 
leaves  the  engine- recuperator  structure  in  an  axial  direction  From  the 
rear  of  the  engine. 

Configuration  A-8  shown  in  Figure  13  is  an  arrangement  in  which  both  fluids 
are  mult 'passed.  As  drawn,  the  high  pressure  air  flows  three  pass  outside 
the  tubes  and  the  low  pressure  gas  flows  two  pass  inside  the  tubes  to  give 
three-pass  cross-counter-parallel-flow  arrangement.  With  this  design,  the 
core  could  also  be  constructed  from  plate-fin  or  finned-tube  surface  geom¬ 
etries.  Multipsssing  on  both  sides  of  the  unit  necessitates  the  use  of 
low  compactness  surfaces  to  satisfy  the  low  pressure  loss  requirements,  and 
this  results  in  a  heat  exchanger  core  weight  and  volume  penalty.  The  ex¬ 
haust  gas  leaves  the  engine  in  an  axial  direction  from  the  rear  of  the 
engine. 

Configuration  A-9  shown  in  Figure  14  is  a  pure  counterflow  tubular  design 
in  which  the  high  pressure  air  flows  inside  the  tubes.  The  low  pressure 
gas  flows  in  an  axial  direction  outside  the  tubes.  This  design  would  prob¬ 
ably  have  a  large  volume  and  weight  because  of  the  poor  heat  transfer 
coefficient  associated  with  che  axial  gas  flow  outside  the  tubes. 

Configuration  A- ! 0  shown  in  Figure  15  is  a  parallel-flow  tubular  design 
in  which  the  high  pressure  air  flows  insiH,  <-he  tubes.  The  low  pressure 
gas  flows  in  an  axial  direction  and  leaves  the  core  radially  in  a  series 
of  ports  formed  in  the  air  delivery  annulus.  Thermodynamical ly,  the 
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Figure  15.  Engine  Configuration  A-IO. 
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flow  path  is  poor,  since  with  a  capscit*  rate  ratio  close  to  unity,  the 
maximum  attainable  effectiveness  for  parallel  flow  is  only  50  percent. 

Configuration  A-ll  shown  in  Figure  16  is  a  two-pass  cross-counterflow 
design  in  which  the  recuperator  is  mounted  on  the  back  of  the  engine.  The 
high  pressure  air,  which  is  delivered  to  the  recuperator  through  a  long 
annulus,  flows  two  pass  outside  the  tubes.  The  low  pressure  gas  flows 
straight  through  the  tubes  and  exits  in  an  axial  direction.  In  this  design, 
the  recuperator  is  added  to  the  turbomachinery  rather  than  being  fully  in¬ 
tegrated  at  the  design  stage. 

Configuration  A-12  shown  in  Figure  17  is  a  counterflow  plate-fin  variant 
of  A-ll  and  is  drawn  to  show  the  end  section  arrangement  necessary  to 
duct  the  air  and  gas  to  and  from  the  pure  counterflow  portion  of  the  heat 
exchanger. 

Configuration  A-13  shown  in  Figure  18  is  a  two-pass  cross-counterf iow 
design  with  the  recuperator  located  at  the  rear  of  the  engine.  The  air 
flows  single  pass  inside  the  tubes  and  the  gas  flows  two  pass  outside 
the  bundle.  The  gas  flows  from  the  recuperator  in  a  radial  inward  direc¬ 
tion,  and  some  ducting  is  necessary  to  turn  the  exhaust  gas  in  an  axial 
direction. 

Configuration  A-14  shown  in  Figure  19  is  a  variation  of  the  previous  design 
with  three  passes  on  the  air  side  and  two  passes  on  the  ;as  side.  Like 
Configuration  A-8,  multipassing  on  both  sides  of  the  hear  exchanger  results 
in  a  unit  of  increased  volume  and  weight,  because  of  the  necessary  utiliza¬ 
tion  of  low  compactness  surfaces  to  satisfy  the  low  pressure  loss 
requirements. 

Configuration  A-15  shown  in  Figure  20  is  a  three-pass  cross-counterflow 
design  with  the  high  pressure  air  flowing  three  pass  across  the  bundle 
and  the  low  pressure  gas  flowing  single  pass  inside  the  tubes.  This  design 
is  integrated  with  a  modified  turbomachinery  arrangement  in  which  the 
number  of  compressor  and  turbine  stages  remains  the  same,  but  a  rear 
mounted  combustor  is  utilized.  With  this  arrangement,  the  power  turbine 
is  interposed  between  the  compressor  and  the  gas-generator  turbine;  thus, 
the  output  shaft  centerline  must  be  offset  from  the  centerline  cf  the 
rotating  assembly.  This  could  be  accomplished  as  shown  by  incorporating 
a  reduction  gear  in  the  drive,  and  this  necessitates  taking  the  output 
shaft  through  the  compressor  diffuser  passage. 

Configuration  A-16  shown  in  Figure  2i  is  a  three-pass  cross-counterflow 
design  with  the  high  pressure  air  flowing  single  pass  across  the  bundle 
and  the  low  pressure  gas  flowing  three  pass  inside  the  tubes.  As  in  the 
former  arrangement,  the  gas  exhausts  from  the  recuperator  in  an  axial 
di rect ion. 
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Figure  20.  Engine  Configuration  A-15. 


Figure  21.  Engine  Configuration  A- l 6 . 


DESIGN  CONCEPTS  FOR  INTERNAL  ENGINE  INSTALLATION  (B) 


The  conceptual  designs  shown  in  Figures  22  through  31  illustrate  the  gas 
flow  paths  envisaged  for  an  integral  unit;  the  actual  recuperator  surface 
geometries  for  the  selected  configurations  will  be  evaluated  in  the  para¬ 
metric  study.  With  th i 5  type  of  installation,  the  engine  assembly  is 
physically  hidden  from  external  view  by  aircraft  structure. 

Configuration  8-1  shown  in  Figure  22  is  a  two-pass  cross-counterflow 
arrangement,  and  as  drawn,  shows  the  single-pass  high  pressure  air  inside 
the  tubes  and  the  two-pass  low  pressure  gas  outside  the  tubes.  As  for 
most  of  the  designs  shown,  plate-fin  or  finned-tube  surface  geometries  could 
also  be  utilized.  The  recuperator  is  considered  to  be  prime  engine  package. 
The  exhaust  gas  exits  from  the  recuperator  tube  bundle  in  a  radial  direc¬ 
tion.  As  for  the  previous  designs  in  which  the  recuperator  was  wrapped 
around  the  rotating  components,  the  turbomachinery  layout  is  conventional, 
and  the  engine  can  be  quickly  split  into  the  two  basic  power  modules. 

Configuration  8-2  shown  in  Figure  23  is  a  two-pass  cross-counterflow  design 
with  the  high  pressure  compressor  discharge  air  flowing  two  pass  inside  the 
tubes  and  the  low  pressure  turbine  exhaust  gas  flowing  single  pass  outside 
the  tube  bundle.  This  flow  pattern  could  also  be  realized  with  plate-fin 
or  finned-tube  surface  geometries.  The  recuperator  is  again  assumed  to  be 
prime  engine  structure  giving  an  integral  engine  unit.  The  exhaust  gas 
exits  from  the  recuperator  in  a  radial  direction. 

Configuration  B-3  shown  in  Figure  24  is  an  arrangement  in  which  both  fluids 
are  mult ipass^d.  The  low  pressure  gas  flows  three  pass  outside  the  tubes, 
and  the  high  pressure  air  flows  two  pass  inside  the  tubes.  Multipassing  on 
both  sides  of  the  unit  necessitates  the  use  of  low  compactness  surfaces  to 
satisfy  the  low  pressure  loss  requirements,  and  this  results  in  a  heat  ex¬ 
changer  core  weight  and  volume  penalty.  The  exhaust  gas  exits  from  the 
recuperator  in  a  radial  direction. 

Configuration  B-4  shown  in  Figure  25  is  a  two-pass  cross-counterflow  design 
in  which  the  low  pressure  gas  flows  single  pass  inside  the  tubes  and  the 
high  pressure  air  flows  two  pass  across  the  tube  bundle.  The  exhaust  gas 
exits  from  the  front  of  the  engine  in  an  axial  direction. 

Configuration  B-5  shown  in  Figure  26  i s  a  pure  counterflow  tubular  design 
in  which  the  low  pressure  gas  flows  inside  the  tubes.  The  high  pressure 
air  flows  in  an  axial  direction  outside  the  tubes.  To  fully  utilize  the 
annular  envelope  available  for  the  heat  exchanger,  the  tubes  are  radiused 
at  the  ends  to  form  the  headers.  This  type  of  design  would  probably  have 
a  large  volume  and  weight  because  of  the  poor  heat  transfer  coefficient 
associated  with  the  c  ‘a!  airflow  outside  the  tubes. 
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Figure  26. 
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Engine  Configuration  B-5. 
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Configuration  B-6  shown  in  Figure  27  is  a  tubular  design  in  which  the  high 
pressure  air  flows  two  pass  inside  the  tubes  and  the  low  pressure  gas  flows 
in  an  axia'*  direction  outside  the  tubes.  The  design  is  poor  from  the  heat 
transfer  standpoint  because  of  the  cross-counterf low- para  1  lei -flow  configura¬ 
tion,  together  with  the  low  heat  transfer  coefficient  for  axial  flow  outside 
the  tubes. 

Configuration  B-7  shown  in  Figure  28  i s  a  three-pass  cross-counterflow 
design  with  the  high  pressure  air  flowing  single  pass  through  the  tubes  and 
the  low  pressure  gas  flowing  three  pass  across  the  bundle.  For  this  type 
of  turbomachinery  arrangement,  a  concentric  shaft  system  is  utilized,  and 
this  recess i t ate s  an  offset  drive  through  the  compressor  diffuser.  The 
exhaust  gas  exits  from  the  recuperator  in  a  radial  direction  as  shown. 

Configuration  B-3  shown  in  Figure  29  is  a  three-pass  cross-counterflow  design 
with  the  high  pressure  air  flowing  three  pass  inside  the  tubes  and  the  low 
pressure  exhaust  gas  flowing  radially  outward  across  the  tube  bundle. 

Configuration  B-9  shown  in  Figure  30  is  a  three-pass  cross-para  I  lei- flow 
design  with  the  high  pressure  air  flowing  single  pass  inside  the  tubes  and 
the  exhaust  gas  flowing  three  pass  across  the  tube  bundle.  Thermodynamically, 
the  cross-parallel-flow  arrangement  is  poor,  and  with  capacity  rate  ratios 
in  Lhs  order  of  unity,  only  very  low  effectiveness  levels  are  attainable. 

Configuration  B-10  shown  in  Figure  31  represents  a  radical  change  in  turbo¬ 
machinery  gas  flow  path  compared  with  all  of  the  above  designs.  During 
the  configuration  study,  no  restrictions  were  placed  on  the  designer  as 
regards  engine  package  shape  and  drive  shaft  arrangement,  although  the 
basic  number  of  compressor  and  turbine  stages  and  their  respective  position 
in  the  air  flew  path  through  the  engine  were  adhered  to.  This  gas  turbine, 
perhaps  not  practical  for  airborne  application,  is  included  to  illustrate 
that  radical  approaches  were  considered  to  try  to  establish  engine  con¬ 
figurations  to  satisfy  the  problem  statement.  In  this  design  the  gas- 
generator  and  power  turbine  spools  are  at  90  deg  to  each  ether,  and  a  two- 
pass  cross-counierf low  recuperator  is  utilized.  With  this  design,  cross¬ 
over  ducting  between  the  turbines  is  necessary  in  addition  to  ♦•he  ducting 
required  to  take  the  air  and  gas  to  and  from  the  recuperator,  so  that  this 
arrangement  does  not  represent  a  truly  integrated  design.  With  the  turbine 
shafting  arrangement  as  shown,  extreme  care  in  the  mechanical  design  would 
be  necessary  to  avoid  mechanical  problems  resulting  from  the  thermal 
gradients  likely  to  be  experienced  in  such  an  engine  with  an  unsymmetricai 
structure.  The  engine  consists  essentially  of  three  basic  modules:  the 
gas-generator  section,  the  power  turbine  section  and  the  recuperator 
assembly. 

Some  of  the  above  designs  are  not  practical  from  the  heat  transfer  and 
structural  standpoints,  but  they  have  been  included  as  a  part  of  the  over¬ 
all  configuration  study  aimed  at  selecting  two  configurations  for  each 
type  of  engine  installation.  Summaries  of  the  above  designs  for  the  two 
types  of  installation  are  given  in  Tables  V  and  VI. 
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Figure  29.  Engine  Configuration  B-8. 


Gas  outlet 


Figure  30.  Engine  Configuration  B-9. 
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TABLE  V.  RELATIVE  COMPARISON  OP  RECUPERATIVE 
FOR  EXTERNAL  INSTALLATION 


ENGINE  VARIANTS 


Engine 

Conf igyrat ion 

Recuperator 

Flow  Configuration 

Heat 

T  ransfer 
Aspects 

St  ructura 1 
Aspects 

Cos  Flow 

Patfr 

Degree  ' f 
Integration 
with  Engine 

A-i 

Two-pass  cross- 
counterflow 

Good 

Good 

Gcod 

Good 

A- 2 

Three-pass  cross¬ 
counterflow 

Good 

Good 

Good 

Good 

A- 3 

Four-pass  cross- 
counterf low 

Fa  i  r 

Good 

Fair 

Good 

A- 4 

Two-pass  cross¬ 
counterflow 

Good 

Fa  i  r 

Poor 

Poor 

A- 5 

Counterflow 

Good 

Good 

Good 

Good 

A- 6 

Counterf low 

Good 

Good 

Good 

Good 

A- 7 

Two-pass  cross¬ 
counterflow 

Fa  i  r 

Poor 

Good 

Good 

A- 3 

Folded  three- 
pass  crossflow 

Poor 

Poor 

Poor 

Fa  i  r 

A- 9 

Counterflow 

Poor 

Fa  \  r 

Fair 

Fair 

A- 10 

Parallel  flow 

Poor 

Fa  i  f 

Poor 

Fai  r 

A-I  1 

Two-pass  cross 
counterflow 

Fa  i  r 

Poor 

Poor 

Poor 

A- 12 

Counterflow 

Good 

Poor 

Poor 

Poor 

A- 13 

Two-pass  cross- 
counterf low 

Fa  i  r 

Poor 

Poor 

Poor 

A- 14 

Folded  three-pass 
Crossflow 

Poor 

Poor 

Poor 

Poor 

A- 15 

Three-pass  cross- 
counterf  1  ow 

Poor 

Poor 

Poor 

Fa  i  r 

A- 16 

Three-pass  cross- 
counterf 1 ow 

Poor 

Poor 

Poor 

Poor 

TABLE 

VI.  RELATIVE  COMPARISON  OF  RE' 
rOR  INTERNAL  INSTALLATION 

c, 

EHGINE  VARIANTS 

r ■  _  '  ,  i 

Engine 

Conf iqyrat ion 

Recuperator 

Flow  Configuration 

Heat 

T  ransfer 
Aspects 

Structural 

Aspects 

Gas  Flow 
Path 

Degree  of 
Integrat ion 
with  Engine 

8-  1 

Two- pas 5  cross¬ 
counterflow 

Good 

Goo* 

Good 

Good 

B-2 

Two-pass  cross- 
counterf low 

Good 

Good 

Good 

Good 

B-3 

Fo?.->ed  three-pass 
crov^f low 

Poor 

Poor 

Poor 

Fair 

B-4 

Two-pass  cross- 
counterf low 

Fair 

Poor 

Good 

Good 

B-5 

Coi  nt erf  low 

Poor 

Poor 

Poor 

Fai  r 

B-6 

Two-pass  cross- 
counterf low 

Poor 

Fai  r 

Fa  i  r 

Fa  i  r 

B-7 

Three-pass  cross- 
counterf low 

Good 

Fai  r 

Poor 

Poor 

B-8 

Three-pass  cross¬ 
counterflow 

Good 

Fai  r 

Fai  r 

Poor 

B-9 

Three-pass  cross¬ 
parallel  flow 

Poor 

Fa  i  r 

Poor 

Poor 

B- 10 

Two-pass  cross¬ 
counterflow 

Fa  i  r 

Fair 

Poor 

Poor 

SELECTION  OF  TWO  CONFIGURATIONS  FOR  EXTERNAL  IN$TALLATI>. 


In  studying  the  various  configurations,  the  most  at'.roctive  integrated  con- 
cept  appears  to  be  an  annuluar  recuperator  wrapped  arou.id  the  turbCmachtnerv 
to  give  a  compact  package.  This  concept  is  structurally  desirable  in  that 
the  recuperator  and  turbine  exit  diffuser  can  be  formed  one  unit,  ar d  any 
axial  or  radial  forces  (either  pressure  or  thermal)  can  L-p  accommodated 
satisfactorily.  Adding  the  recuperator  to  the  back  of  the  eng!ne,  or 
uti’izing  a  side-mounted  module,  necessitates  extra  ducting  and  supporting 
structure  and  results  in  heavier  weight  arrangements  that  cannot  be  regarded 
as  truly  integrated  designs. 

In  the  configurations  with  the  rear-mounted  conicai  combustor,  the  power 
turbine  is  interposed  between  the  compressor  and  the  gas-generator  turbine 
and  the  output  shaft  centerline  must  be  offset  from  the  centerline  of  the 
rotating  assembly.  The  offset  shaft  could  be  replaced  with  a  refir  drive 
b/  placing  the  power  turbine  upstream  of  the  gas-generator  turbine.  However, 
with  this  arrangement  it  is  questionable  whether  the  design  values  of 
turbine  efficiency  could  be  realized,  and  part-load  performance  would  be 
jeopardized  because  of  swirl  in  the  interstage  diffuser. 

In  the  bulk  of  the  configurations  examined,  the  turbine  output  shaft  was 
located  at  the  rear  of  the  engine  to  obtain  a  simplified  shafting  and  bear¬ 
ing  system.  By  minimizing  the  shaft  dynamics  problem,  and  by  isolating  the 
gas-generator  and  power-turbine  rotating  assemblies,  it  is  expected  that 
turbine  tip  clearance  can  be  kept  to  a  minimum  and  thus  a  high  level  of 
turbine  efficiency  can  be  ensured. 

In  reviewing  the  16  conceptual  designs  summarized  in  Table  V,  configurations 
A-l,  A-2,  A-5  and  A-6  satisfy  the  design  goals  ol  establ i sh i <ig  a  compact, 
integrated  engine  unit.  In  these  configurations,  the  proposed  engine  design 
concept  divides  the  components  into  two  basic  modules. 

Configuration  A-l 

As  outlined  in  the  engine  performance  section  of  this  report,  a  design 
was  carried  out  for  an  engine  with  a  recuperator  effectiveness  and  pressure 
loss  of  0.65  and  6  percent  respectively.  The  flow  paths  chosen  for  this 
reference  engine  design  correspond  to  configuration  A-l,  and  details  of  the 
engine  design  were  shown  in  Figure  4.  The  tubular  recuperator  shown  is  a 
two-pass  cross-counterflow  design  with  the  high  pressure  air  flowing  single 
pass  inside  the  tubes  and  the  low  pressure  gas  flowing  two  pass  across  the 
bundle.  The  recuperator  could  be  designed  with  tubular,  finned-tube,  or 
plate-fin  surface  geometries.  The  high  pressure  air  delivery  to  the  recu¬ 
perator  is  by  means  of  an  annulus  at  the  engine  outer  diameter,  and  this 
provides  a  pressure  vessel,  which,  in  conjunction  with  the  annular  recupera¬ 
tor  assembly  and  power  turbine  diffuser  duct,  forms  a  structure  from  which 
the  power  turbine  bearing  '’ousing  is  supported.  The  exhaust  gas  exits  from 
the  engine  in  an  axial  direct ioi  through  an  annulus  formed  by  the  turbine 
diffuser  and  a  flange  on  the  recuperator  assembly  inner  diameter.  With  the 
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power  turbine  shaft  drive  at  the  rear  of  the  engine,  the  exhausf  gas  must 
be  collected  >n  an  annuiar  voiute  For  final  discharge  to  ambient  conditions 
through  a  single  circular  or  rectangular  exhaust  duct.  No  ue:ails  of  the 
final  reduction  gearbox  have  been  shown  on  any  of  the  engineering  layouts 
presented  in  this  report. 

Conf iguration  A- 2 

Details  of  engine  configuration  A-2  are  shown  in  Figure  32.  To  compare 
engine  size  with  that  of  configuration  A-l,  the  recuperator  has  again  been 
sized  for  the  reference  engine  value  of  effectiveness  and  pressure  loss 
(i.e.,  0.65  and  6  percent  respectively).  The  tubular  recuperator  shown  is 
a  three-pass  cross-counterf low  design  with  the  high  pressure  air  flowing 
single  pass  inside  the  tubes  and  the  low  pressure  gas  flowing  three  pass 
across  the  bundle.  The  recuperator  could  be  designed  and  built  from  tubu¬ 
lar,  finned-tube,  or  plate-fin  type  surface  geometry.  As  for  the  A-l  design, 
an  outer  annulus,  which  is  an  integral  part  of  the  engine  structure,  is  used 
to  deliver  air  from  the  compressor  d;*chorge  to  the  recuperator  inlet.  This 
pressure  vessel,  in  conjunction  with  the  annular  recuperator  assembly  and 
power  turbine  diffuser,  forms  a  structure  which  supports  the  power  turbine 
bearing  housing.  The  exhaust  gas  exits  from  the  recuperator  through  a 
series  of  radial  ducts  fabricated  within  the  air  delivery  annulus.  The 
geometry  of  these  ducts  would  be  optimized  to  give  minimum  flow  area  block¬ 
age  within  the  air  delivery  annulus.  After  exiting  from  the  recuperator, 
the  exhaust  gas  is  collected  in  an  annular  scroll  for  final  discharge  to 
ambient  conditions  through  a  single  circular  or  rectangular  exhaust  duct. 

Configurations  A- 5  and  A- 6 

Details  of  engi ne  conf igurat ions  A-5  and  A-6  are  shown  in  Figures  10  and  II. 
The  two  designs  are  both  pure  counterflow  variants  and  differ  only  as 
regards  the  flow  pattern  in  the  mitered  end  sections.  Unlike  configurations 
A-l  and  A -2,  which  could  be  designed  and  built  from  tubular,  finned-tube,  or 
plate-fin  type  surface  geometry,  configurations  A-5  and  A-6  are  limited  to 
plate-fin  construction  only.  With  this  limiting  feature,  It  is  concluded 
that  configurations  A-l  and  A-2  are  the  most  attractive  for  the  externa! 
engine  installation. 

SELECTION  OF  TWO  CONFIGURATIONS  FOR  INTERNAL  INSTALLATION 

As  for  the  external  installation,  the  most  attractive  concept  to  achieve  the 
desired  goal  of  a  fully  integrated,  compact,  lightweight  package  appears  to 
be  an  annular  recuperator  wrapped  around  the  turbomachinery.  Since  the  same 
basic  turbomachinery  arrangement  is  utilized,  the  various  comments  given  in 
the  previous  section  on  mechanical  aspects  and  engine  modulization  for  the 
external  installations  also  apply  to  the  selected  internal  installations. 

In  reviewing  the  ten  conceptual  designs  summarized  in  Table  VI,  configura- 
tionsB-1  and  B-2  satisfy  the  design  goals  of  establishing  a  compact, 
i ntegrated,  1 ightwe ight  engine  unit. 
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Configuration  B-l 


Details  of  engine  configuration  B-  i  are  s'.-'wn  in  Figure  33.  To  compare 
engine  size  with  the  sizss  of  the  ether  cc'f i jurstioos;  the  r**ciipcr3t.'r 
has  been  sized  for  the  reference  engine  value  of  effectiveness  and  pressure 
loss  (i.e.,  0.63  and  6  percent  respectively).  The  tubular  recuperator 
shown  is  a  two-pass  cross-counter f low  design  with  the  high  pressure  air 
flowing  single  pass  inside  the  tubes  and  the  low  pressure  gas  flowing  three 
pass  across  the  bundle.  Thermodynamically,  the  basic  flow  path  is  the  same 
as  for  the  A- I  engine  configuration.  The  recuperator  could  be  designed  and 
built  from  tubular,  finned-tube,  or  plate-fin  type  surface  geometry.  After 
leaving  the  compressor  diffuser,  the  air  flows  directly  into  the  recuperator 
core  and  passes  through  the  tubes  in  a  single  pass.  After  leaving  the 
recuperator  core,  the  air  is  turned  through  180  deg  in  a  duct  formed  by  the 
turbine  exit  diffuser  assembly.  The  power  turbine  stators  are  supported 
by  two  members  which  are  bolted  to  a  flange  on  the  recuperator  inner  duct¬ 
ing.  Elliptical  ports  are  formed  in  these  members  to  allow  the  heated  air 
from  the  recuperator  to  flow  back  into  the  combustor.  Additional  seals  are 
required  after  each  of  the  power  turbine  stages  to  prevent  the  leakage  of 
high  pressure  air  directly  into  the  turbine  duct.  The  power  turbine  bear¬ 
ing  housing  is  supported  by  a  structure  formed  from  the  turbine  exit  dif¬ 
fuser,  connected  through  a  series  of  struts  to  the  recuperator  inner  diam¬ 
eter.  After  exiting  from  the  recuperator,  the  exhaust  gas  is  collected  in 
an  annular  scroll  for  final  discharge  to  ambient  conditions  through  a 
single  circular  or  rectangular  exhaust  duct. 

Configuration  B-2 

Details  of  engine  configuration  B-2  are  shown  in  Figure  34.  To  compare 
engine  size  with  that  of  configuration  B-l,  the  recuperator  has  been 
sized  for  the  reference  engine  value  of  effectiveness  and  pressure  loss 
(i.e.,  0.65  and  6  percent  respectively).  The  tubular  recuperator  shown 
is  a  two-pass  v ross-counterf I ow  design,  with  the  high  pressure  air  flowing 
two  pass  inside  the  tubes  and  the  low  pressure  gas  flowing  single  pass 
across  the  bundle.  The  high  pressure,  low  temperature  air  flows  toward 
the  rear  of  the  engine  in  the  outer  pass  of  the  annular  tube  bundle.  A 
simple  turnaround  pan  is  used  to  turn  the  air  back  through  180  deg  into 
the  second  pass  of  the  recuperator.  The  recuperator  could  be  designed  and 
built  from  tubular,  finned-tube,  or  plate-fin  type  surface  geometry.  The 
power  turbine  stators  are  supported  by  two  structural  members  which  are 
bolted  to  a  flange  on  the  recuperator  assembly.  The  power  turbine  bearing 
housing  is  supported  by  a  structure  formed  from  the  turbine  exit  diffuser, 
connected  through  a  series  of  struts  to  the  recuperator  assembly.  After 
exiting  from  the  recuperator,  the  exhaust  gas  is  collected  in  an  annular 
scroll  for  final  discharge  to  ambient  conditions  through  a  single  circular 
or  rectangular  exhaust  duct. 

SUMMARY  OF  CONFIGURATION  STUDY 


The  same  basic  turbomachinery  elements  have  been  used  in  each  of  the  four 
recuperative  engine  configurations  chosen.  A  direct  size  comparison  of  the 
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four  designs  can  be  made  since  the  recuperators  were  ail  sized  for  the  same 
effectiveness  and  pressure  loss  anj  thus  have  the  same  power  and  specific 
fuel  consume t ion. 

In  all  four  cases,  the  output  shaft  was  located  at  the  rear  of  the  engine 
to  obtain  a  simplified  bearing  system,  consistent  with  the  goal  of  estab¬ 
lishing  a  series  of  truly  integrated  turbomachinery-recuperator  engine 
designs.  In  each  case,  the  accessories  are  driven  from  the  front  end  of 
the  gas  generator  shaft.  Starter,  fuel  control,  fuel  pump,  and  oil  pump 
are  all  sized  to  operate  at  30,000  rpm.  A  considerable  reduction  in  weight 
is  realized  both  in  the  accessories  and  in  the  accessory  drive  components 
by  allowing  this  relatively  high  rotative  speed. 

In  each  of  the  configurations  selected,  the  simplicity  of  engine  disassembly 
has  been  emphasized,  particularly  the  fact  that  the  gas-generator  and  power 
turbine  sections  can  be  separated  by  the  removal  of  bolts  from  one  flange 
only.  The  recuperator  assembly  can  then  be  rapidly  separated  from  the 
power  turbine  assembly.  With  the  recuperator  wrapped  around  the  turbo¬ 
machinery  to  give  a  compact,  integral  unit,  additional  secondary  benefits 
can  be  realized.  One  bullet  could  severely  damage  a  simple  cycle  engine, 
but  the  heat  exchanged  variant  is  less  vulnerable  because  the  recuperator 
protects  the  rotating  components;  even  with  local  damage  in  the  matrix, 
resulting  in  loss  of  performance,  the  helicopter  could  still  fly  back  to 
base.  With  the  configurations  proposed,  the  heat  exchanger  will  provide 
turbine  self-containment  and  should  reduce  the  noise  level  compared  wi th 
existing  designs. 


RECUPE RATOR  PARAMETRIC  STUDY 


ENGINE  CYCLE  DATA 


Data  generated  during  the  engine  performance  calculations  were  used  in  the 
recuperator  analysis.  The  mass  flow  rates  used  in  the  turbine  and  recuper¬ 
ator  analysis  are  given  below: 


Compressor  discharge  flow 

Turbine  nozzle  and  blade 
cool ing  a i rf low 

Leakage  at  compressor  exit 

Recuperator  inlet  (cold  side) 

Gas  generator  turbine  inlet 
Power  turbine  inlet 

Recuperator  inlet  (hot  side) 


5.00  Ib/sec 

3.556 

1.556 

5.0  (I.556  W.  +  3.556  W  )  = 

4.75  Ib/sec  L  c 

4.75  +  (256  Wp)  =  4.85  lb/sec 

4.85  =  (356  W_  reentered)  = 
5.00  Ib/sec  C 

5.00  Ib/sec 


Temperature  and  pressure  data  used  in  the  recuperator  parametric  study  are 
given  in  Table  VII.  Based  on  the  reference  engine  conditions,  with  an  ef¬ 
fectiveness  and  pressure  loss  of  0.65  and  6  percent  respectively,  an  engine 
fuel/air  ratio  of  0.02  was  computed.  Throughout  the  study,  the  fluid  prop¬ 
erties  on  the  recuperator  gas  side  were  taken  to  be  those  associated  with 
the  0.02  fuel/air  ratio  value. 


In  the  recuperator  ana lys is,  account  was  taken  of  the  pressure  loss  in  the 
ducting  of  the  air  and  gas  to  and  from  the  recuperator  core  faces.  The 
recuperator  pressure  loss  values  quoted  throughout  the  study  refer  to  the 
total  loss  associated  with  the  core  and  ducts.  An  air  side  pressure  loss 
from  the  compressor  diffuser  exit  to  the  recuperator  air  inlet  face  of 
0.25  percent  was  assumed.  A  gas  side  pressure  loss  from  the  recuperator 
outlet  face  to  the  engine  exhaust  outlet  of  0.50  percent  was  assumed.  In 
the  engine  cycle  analysis,  a  gas  side  pressure  loss  from  the  power  turbine 
exit  to  the  recuperator  gas  inlet  face  of  4.0  percent  was  assumed,  but 
this  is  not  included  as  a  part  of  the  recuperator  pressure  loss.  With  the 
inte  ited  recuperator  concept,  no  additional  ducting  is  required  from  the 
recuperator  air  side  exit  to  the  combustor  inlet;  thus,  no  pressure  loss 
is  assumed  to  occur  between  these  stations. 
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TABLE  VII.  DATA  USED  IN  RECUPERATOR  PARAMETRIC  STUDY 
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RANGE  OF  VARIABLES  USED  IN  ANALYSIS 


In  the  heat  transfer  anal ys i s,  the  following  range  of  recuperator  parameters 
was  evaluated: 

Effectiveness,  e  0.40,  0.50,  0.60,  0.65, 

0.70,  0.80,  0.90 

Pressure  Loss  (aP/P),  $  2.0,  4.0,  6.0,  8.0,  ’.0.0 

The  recuperator  effectiveness  is  defined  as 

e  =  |W’CP^  AIR  |TquT  "  TIN^AIR 

^W*V  MIN  ^TIN  GAS  ’  TIN  AIR^ 

where  W  =  Mnss  flow  rate 

Cp  =  Specific  heat 

T  =  Total  temperature 

The  recuperator  pressure  ioss  (AP/P)  is  defined  as 
Ap  AP 

/  AP  )  =  t  AIP.)  +  (GAS  ) 

p  ;  'P  '  'p 

rAIR  IN  rGAS  OUT 

where  the  air  side  and  gas  side  pressure  losses  include  those  incurred  in 
the  heat  exchanger  ducting  as  well  as  in  the  matrix. 

Another  variable  considered  in  the  heat  exchanger  analysis  was  the  effect 
of  the  recuperator  pressure  loss  split  ( A^/P) P°r  each  surface 

geometry  examined,  a  series  of  solutions  was  run  to  find  the  pressure  loss 
split  that  gave  a  minimum  weight  recuperator  core.  The  following  range  of 
pressure  loss  splits  was  considered: 

Pressure  Loss  Split  (Ap/p)  /(Ap/p)  90/10,  80/20,  70/30 

GAS  AIR  60/40^  50/50,  40/60 

For  each  combination  of  effectiveness  and  pressure  loss,  the  corresponding 
fluid  temperatures  and  pressures  from  Table  VII  were  factored  into  the 
recuperator  analysis. 

FLOW  CONFIGURATIONS  EVALUATED 


Fcr  the  configuration  study,  it  was  concluded  that  the  most  attractive  engine 
arrangements  from  the  standpoint  of  minimum  envelope  volume  could  be  realized 
by  wrapping  the  recuperator  around  the  turbomachinery  in  such  a  manner  that 
the  heat  exchanger  becomes  a  part  of  the  engine  prime  structure.  With  this 
integrated  concept,  there  is  still  a  degree  of  freedom  as  regards  recuperator 
internal  f lew  conf igurat ion. 
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From  the  tubular  core  geometries,  two-,  three-.,  and  four-pass  cross- 
counterblow  arrangements  were  examined  and  consideration  was  given  to  both 
the  air  and  the  gas  as  the  multipass  fluid.  A  similar  analysis  was 
carried  out  for  the  finned-tube  core  geometries. 

For  the  plate-fin  core  geometries,  a  counferfiow  arrangement  was  examined 
In  addition  to  the  two-,  three-,  and  four-pass  cross- counterf low  configura¬ 
tions.  Multipassing  the  gas  side  only  was  considered  for  the  plate-tin 
cro:;s-counterf low  cases. 

TABULAR  SURFACF  GEOMETRY  EVALUATION 

For  the  effectiveness  and  pressure  loss  range  outlined  above,  a  variety  of 
tubular  surface  geometries  of  the  type  shown  in  Figure  35a  was  considered 
in  the  recuperator  parametric  study.  The  following  variables  have  been 
used  in  the  analysis. 

Flow  Configurations 

Twc-pass  cross-.ountetf low  (AIT*  ore  pass,  EOT**  two  pass) 

Two  -pass  crcsu-countcrf iow  (AIT  two  pass,  EOT  one  pass) 

Thrae-pass  cross-counterf low  (AIT  cne  pass,  EOT  three  pass) 

Four  p*iss  cross-counterflow  (AIT  one  pass,  EOT  four  pass) 

*Air  inside  tube 
■^Exhaust  outside  tube 

All  four  engine  configurations  chosen  ha''e  the  high  pressure  air  inside 
the  tubes  and  the  exhaust  gas  outside  the  tubes.  This  arrangement  results 
in  lightweight  designs,  since  the  inside  Reynolds  number  is  in  a  range 
where  ring-dimpling  of  the  tube  wall  prevides  an  effective  means  of 
increasing  the  inside  heat  transfer  coefficient.  Since  the  exhaust  gas  is 
the  lower  pressure  fluid,  lighter  weight  recuperators  generally  result  with 
the  exhaust  gas  outside  the  tubes  because,  in  add i ton  to  the  above  heat 
transfer  considerations,  the  shell  weight  will  be  lower  end  the  tubes  will 
have  thinner  walls  when  loaded  in  tension  with  internal  pressure  than 
when  loaded  in  compression  with  external  pressure. 

Tube  Sizes 

A  fairly  wide  range  of  tube  diameters  has  been  considered  as  outlined  below. 
Tube  outer  diameter,  0.075,  0.10,  0.125,  0.15,  0.20,  0.25  in. 

Tube  wall  thickness  of  0.004  in.  was  used  in  heat  transfer  analysis 
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In  the  range  of  thicknesses  being  considered  (0.C035  -  0.006  ir.),  the 
effect  of  tube  wall  thickness  on  matrix  volume  for  a  tubular  design  is 
insignificant,  but  the  effect  ori  weight  and  cost  is  important;  this 
will  be  discussed  in  a  later  section  when  optimum  solutions  have  been 
estab! i shed. 

Tube  Inside  Surface  Geometry 


To  achieve  a  balance  of  heat  transfer  conductances  between  inside  and  out¬ 
side  tubular  surfaces,  some  form  of  internal  turbulator  is  usually  employed, 
since  the  heat  transfer  coefficient  for  flow  inside  plain  ( ncnturbulsted) 
tubes  is  several  times  less  than  the  coefficient  for  flow  outside  an 
optimized  tube  bundle.  The  best  type  of  internal  turbulator,  (one  that 
maximizes  the  ratio  of  heat  transfer  conductance  to  fluid  pumping  power) 
was  found  to  be  ring-dimpling  of  the  tube  wall.  This  was  determined  during 
a  previous  program  in  which  extensive  heat  transfer  and  pressure  loss  tests 
were  conducted  for  a  number  of  tube  surfaces  of  the  type  shown  in  Figure  36, 
including  smooth,  ring-dimpled,  venturi-shaped  ring-dimpied,  roughened 
ring-dimpled,  knurled,  locally  (spct)  dimpled  (spiral  and  ring)  spiral- 
dimpled,  external  (outward)  ring-dimpled,  and  others.  The  results  of  these 
tests  were  compared  on  the  basis  of  thermal  conductance  versus  friction 
power.  The  use  of  an  internal  strip  turbulator  is  also  a  possibility  but 
is  advantageous  onlv  for  Reynolds  numbers  below  about  1500,  where  tube 
wall  dimpling  is  ineffeciive  in  promoting  turbulence. 

AiResearch  bases  its  dimpled  tube  design  data  on  the  neat  transfer  and 
pressure  loss  tests  mentioned  above.  These  tests  were  conducted  over  a 
Reynolds  number  range  from  1,000  to  40,000  for  a  wide  range  of  tube  and 
dimple  geometries.  The  results  are  correlated  with  a  single  geometry 
parameter,  involving  dimple  depth,  dimple  spacing,  and  tube  diameter,  so 
that  the  friction  factor  and  Colburn  modulus  for  flow  in  dimpled  tubes  are 
obtained  as  a  function  of  the  Reynolds  number  and  only.  Details  of  the 
ring  dimple  geometry  used  in  the  tubular  recuperator  analysis  are  shown  in 
Figure  37a.  Values  of  the  dimple  parameter  used  in  the  analysis  are 
given  below. 

Dimple  Parameter  ^  0  (plain  tube)  0.02,  0.04,  0.06,  0.08 
Dimple  Parameter  defined  as  -  (6/d)v^s/d 
where  6  =  dimple  depth 

d  =  tube  inner  diameter 
s  =  dimple  pitch 
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(a)  Ring-dimpled 


(b)  Venturi-dimpled 


(c)  Roughened  ring-dimpled 


(e)  5?ot-dimpied  (ring) 
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(f)  Spot-dimpiad  (spiral) 
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I 


f  i)  Spi ra I -dimpled 


(h)  l'<iernai  ring  dimpled 


Figure  36.  Tube  Dimple  Geometries. 
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Dimple  parameter  * 


(S/d) 


S  •  Dimple  depth 

d  =  Tube  Inside  diameter 

d  =  Tube  outside  diameter 
o 

S  =  Dimple  pitch 
t  =  Wall  thickness 
r  =  Tool  radius 


a)  Ring  dimple  tube  geometry 


Staggered  tube  bundle  (SB)  In-line  tube  bundle  (IB) 


d  »  Tube  outside  diameter 
o 

XT  =  Transverse  pitch  as  defined  In  sketch 
»  Longitudinal  pitch  as  defined  in  sketch 

Terminology  used  in  recuperator  parametric  study  is  Illustrated  by  the  four  following  examples 
SB  300100  -  Staggered  tube  bundle  X^  =  3.00,  X^  =  1.00 

IB  200125  -  In-line  bundle  XT  =  2.00,  XL  =  1.25 

PLNTD  -  Plain  tube  diameter 
DHP  -  Dimple 

b)  Tube  outside  surface  geometries 


Figure  37.  “lain  Tube  Surface  Geometries. 


Both  staggered  tube  and  in-line  tube  arrangements  have  been  considered  in 
the  analysis,  and  details  of  the  tube  patterns  are  shown  in  Figure  3?b. 

In  the  analysis  the  following  values  of  longitudinal  and  transverse  tube 
pitches  were  used: 

Longitudinal  tube  pitch  X^  =  1.00  (staggered  tube  rows) 

Longitudinal  tube  pitch  =  1.24,  1.25,  2.00  (in  line  tubes) 

Transverse  tube  pitch  X-j.  =  1.50,  1.70,  2.00,  2.40,  2.70,  3.0 

(staggered  tube  rows) 

Transverse  tube  pitch  X^.  =  1.24,  1,50,  2.00  (in  line  tubes) 

Heat  transfer  and  pressure  drop  performance  for  flow  outside  of  staggered 
and  in-line  tube  matrices  is  based  on  AiResearch  test  data  compiled  on  e 
series  of  ciose-packed  cores  in  conjunction  with  data  available  from  the 
literature,  for  several  other  matrix  geometries.  Considerations  of  geo¬ 
metric  and  dynamic  similarity  allow  these  data  to  be  applied  to  a  wide 
range  of  staggered  and  in-line  tube  geometries. 

For  each  of  the  four  engine  configurations,  extensive  use  was  made  of  a 
computer  program  written  for  designing  multipass  tubular  heat  exchangers. 

In  this  program  multipass  cross-counterflow  and  multipass  cross-parallel 
flow,  tubular  two-fluid  heat  exchangers  are  defined  by  an  iteration  pro¬ 
cedure.  Any  fluid  combination  of  liquids  and  gases  can  be  utilized.  The 
friction  factor  and  Colburn  modulus  data  for  both  inside  and  outside  tubes 
are  available  in  the  form  of  Lagrangian  tables.  The  outside  of  the  tubes 
can  either  be  plain  or  have  circular  disc  fins  or  continuous-strip  fins. 

The  inside  of  the  tubes  can  be  plain, dimpled,  or  have  internal  fins  or 
turbulators.  Input  parameters  required  include  effectiveness,  pressure 
drop,  inlet  temperatures  and  pressures,  and  the  weight  flow  rate  of  the 
two  fluids.  Fluid  properties,  with  the  exception  of  the  specific  heats 
in  the  heat  balance  calculation,  are  evaluated  at  average  film  temperature. 
Core  fluid  velocity  is  evaluated  at  the  bulk  average  temperature.  Allow¬ 
ances  for  shock  and  turn;ng  losses  are  made  as  specified  multiples  of  the 
core  velocity  head.  Momentum  pressure  losses  associated  with  change  of 
flow  area  from  the  ducts  to  the  heat  exchanger  face  are  also  calculated.  Gas__ 
density  is  calculated  on  the  basis  of  the  perfect  gas  law  and  compressibility 
factors  are  used.  Multipassing  can  be  accomplished  either  inside  or  out¬ 
side  of  the  tubes.  Surface  input  information  required  includes  the  tube 
diameter,  the  internal  surface  (dimple  detail,  etc),  the  transverse  and 
longitudinal  tube  pitch,  all  material  thicknesses,  the  number  of  passes, 
tube  materia!  density  and  thermal  conductivity,  and  the  tube  bundle 
configuration. 

The  important  outputs  from  the  program  include  tube  bundle  inner  and  outer 
diameters,  tube  number,  tube  length,  and  tube  weight.  Naturally  all  of  the 
combinations  of  surface  geometries  did  not  give  practical  heat  exchanger 
sizes  and  weights.  From  the  thousands  of  computer  solutions  generated  for 


nodi  engine  configuration,  a  series  of  designs  was  selected  and  the  data 
plotted.  The  initial  analysis  was  aimed  at  establishing  the  optimum  re¬ 
cuperator  pressure  loss  split  to  give  minimum  weight  solutions.  Engine 
configurations  A-l  and  B-l  have  identical  recuperator  flow  paths  (i.e.. 

AIT  one  pass  and  EOT  two  pass),  and  a  survey  of  the  effect  of  pressure  loss 
split  on  tube  weight  over  a  range  of  effectiveness  and  pressure  loss  for 
these  configurations  is  shown  in  Figure  38.  At  the  high  levels  of  effec¬ 
tiveness,  with  a  low  pressure  loss  allowance,  the  tube  weight  is  quite 
sensitive  to  the  recuperator  pressure  loss  split.  At  the  low  levels  of 
effectiveness,  the  pressure  loss  split  has  a  very  small  effect  on  tube 
weight.  From  this  curve  array,  it  has  been  concluded  that  practical  designs 
close  to  minimum  weight  could  be  achieved  with  a  recuperator  pressure  loss 
split  (AP/P)GAS/(AP/P)AIR  of  60/40  [i.e.,  (AP/P^  =  1.5  (AP/P)AIR1.  This 

value  has  been  used  throughout  the  tubular  recuperator  study 


During  the  initial  analysis, it  was  observed  that  the  core  sizes  and  weights 
at  the  90  percent  effectiveness  level  were  excessively  large.  Even  with 
the  smallest  hydraulic  diameter  surfaces  and  most  compact  tube  spacings 
considered  in  this  study,  the  minimum  core  weights  were  still  in  the  order 
of  hundreds  of  pounds,  and  the  tube  bundle  dimensions  were  large  and  in¬ 
compatible  with  the  turbomachinery.  For  realistic  designs,  an  upper  limit 
on  effectiveness  of  80  percent  has  been  used  on  the  graphical  plots, 
although  computer  solutions  up  to  the  90  percent  effectiveness  level  were 
obtained  as  a  part  of  the  parametric  study. 

For  the  A-l  and  B-l  configurations,  which  thermodynamically  have  the  same 
flow  pattern,  staggered  tube  patterns  were  used  and  both  two-pass  and  four- 
pass  cross-counterflow  arrangements  were  evaluated  with  the  compressor 
discharge  air  as  the  single-pass  fluid  and  the  turbine  exhaust  gas  as  the 
multipass  fluid.  With  the  four-pass  cross-counterf lew  arrangements,  it 
was  found  that  less  compact  surfaces  had  to  be  utilized  because  of  the 
small  pressure  loss  allowance;  this  resulted  in  a  weight  and  volume  penalty 
compared  with  the  two-pass  arrangements.  At  the  90  percent  effectiveness 
level,  the  four-pass  designs  showed  smaller  core  sizes  and  weights,  but 
the  units  were  extremely  large  and  incompatible  with  the  turbomachi nery. 

In  the  graphical  presentation  of  the  recuperator  parametric  data,  only  the 
two-pass  cross-counterflow  solutions  are  shown.  The  salient  core  d.mensions 
for  a  series  of  selected  staggered  tube  surface  geometries  are  shown  in 
Figure  39.  The  selected  designs  for  the  B-l  and  A-l  engine  configurations 
at  the  reference  engine  conditions  (effectiveness  =  0.65  and  pressure 
loss  =  6  percent)  are  shown  respectively  on  pages  71  and  73. 

The  design  of  the  A-2  configuration  is  based  on  a  three-pars  cross¬ 
counterflow  arrangement;  to  achieve  minimum  weight  solutions  that  were 
compatible  with  the  turbomachinery,  it  was  necessary  to  utilize  in-line 
tube  patterns.  The  heat  transfer  characteristics  of  this  tube  pattern  are 
inferior  to  those  associated  with  the  staggered  tube  bundle,  but  the  in¬ 
herently  lower  friction  factor  means  that  the  surface  compactness  of  the 
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Figure  39.  Recuperator  Parametric  Data  for  Engine 
Configurations  A- 1,  B-l. 
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Figure  39.  Continued. 
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Figure  39.  Continued. 
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Figure  39.  Continued. 
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Figure  39.  Concluded. 


in-line  tube  pattern  can  be  increased  to  give  practical,  lightweight  recur  or¬ 
ator  designs  that  are  compatible  with  the  turbomachinery.  The  salient  core 
dimensions  for  a  series  of  selected  in-line  tube  surface  geometries  are 
shown  in  Figure  40.  The  selected  design  for  the  A-2  engine  configuration 
at  the  reference  engine  conditions  is  shown  on  page  90. 

For  the  B-2  configuration,  there  is  a  choice  of  two-pass  o>  four-pass  cross¬ 
counterflow  arrangement.  As  for  the  A-l  and  B-l  designs,  it  was  found  that 
the  relaxation  in  core  surface  compactness  necessary  for  the  four-pass 
arrangements  resulted  in  a  weight  and  volume  penalty  compared  with  the 
two-pass  designs.  In  the  graphical  presentation  of  the  recuperator  para¬ 
metric  data,  only  the  two-pass  cross-counterflow  solutions  are  shown.  The 
salient  core  dimensions  for  a  series  of  selected  staggered  tube  surface 
geometries  are  shown  in  Figure  41.  The  selected  design  for  the  B-2  engine 
arrangement  at  the  reference  engine  condition  is  shown  on  page  106. 

A  summary  of  the  selected  designs  for  the  four  engine  configurations,  at 
the  reference  engine  conditions,  for  the  tubular  recuperator  surface 
geometries  is  shown  in  Table  VIII. 

FINNED-TUBE  SURFACE  GEOMETRY  EVALUATION 

For  the  effectiveness  and  pressure  loss  range  outlined  in  a  previous  section, 
a  variety  of  finned-tube  surface  geometries  of  the  type  shown  in  Figure  35b 
was  considered  in  the  recuperator  parametric  study.  The  analytical  pro¬ 
cedures  were  similar  to  those  described  for  the  plain  tubular  surface 
geometries.  The  following  variables  have  been  used  in  the  analysis. 

Flow  Configurations 

The  flow  configurations  examined  were  identical  to  these  described  in  the 
tubular  surface  geometry  section. 

Tube  Sizes 


A  fairly  wide  range  of  tube  diameters  was  considered.  Tub',  outer  diameters 
of  0.075,  0.10,  0-125,  0.15,  0.20  and  0.25  inch  were  evaluated,  and  a  tube 
wall  thickness  of  0.004  inch  was  used. 

Tube  Inside  Geometry 

In  the  tubular  recuperator  section,  lightweight  solutions  were  presented 
where  the  inside  heat  transfer  coefficient  was  substantially  increased  by 
ring-dimpling  of  the  tube  wall.  With  a  gas-to-gas  heat  exchanger  made  from 
small  diameter  tubes,  the  addition  of  finned  secondary  surfaces  on  the  out¬ 
side  of  the  tubes  poses  a  severe,  if  not  prohibitive,  problem  in  fabricating 
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Figure  40.  Recuperator  Parametric  Data  for  Engine 
Configuration  A- 2. 
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Figure  40.  Continued. 
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Figure  40.  Continued. 
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Figure  40.  Continued. 
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Figure  40.  Concluded. 
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Figure  41.  Recuperator  Parametric  Data  for  Engine 
Configuration  B-2. 
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TABLE  VIII.  SUMMARY  OF  TUBULAR  RECUPERATOR  SOLUTIONS  FOR 
REFERENCE  ENGINE  CONDITIONS  (EFFECTIVENESS  =  0.65,  PRESSURE  LOSS'"  6  PERCENT) 


Surface  Compactness,  ft  /ft  241.0  289.0  268.0  389.0 


the  tube  dimples.  For  designs  with  external  secondary  surfaces,  the  inside- 
heat  transfer  coefficient  can  be  increased  by  utilizing  a  plain  strip,  a 
spiral  strip  or  a  flap  turbulator  inside  the  tube.  Details  of  these  turbu¬ 
lence  promoting  devices  are  shown  in  Figure  42.  With  the  plain  strip  brazed 
inside  the  tube,  the  hydraulic  diameter  is  effectively  reduced;  this, 
together  with  the  increase  in  heat  transfer  surface  area,  results  in  an 
improved  internal  conductance.  Although  the  spiral  strip  and  the  flap 
turbulator  are  more  effective  heat  transfer  promoters,  the  associated  large 
increase  in  friction  factor  results  in  core  sizes  of  very  large  flow  frontal 
area  and  small  flow  length  for  units  such  as  a  gas  turbine  recuperator  where 
a  very  limited  pressure  loss  is  allowed.  In  the  recuperator  analysis,  plain 
tubes,  plain  tubes  with  an  internal  strip,  and  plain  tubes  with  an  internal 
flap  turbulator  were  evaluated. 

Outside  Surface  Geometries 


Disc-finned  arrangements  of  the  type  shown  in  Figure  43a  were  evaluated  for 
both  staggered  and  in-line  tube  pat  erns.  From  a  33-disc-finned-tube 
inventory,  5  surfaces  were  selected  as  being  representative  for  air-to-gas 
heat  exchanger  application.  Using  the  finned-tube  terminology  given  in 
Figure  43a  and  b,  details  of  the  selected  surfaces  are  outlined  in  Table  IX. 

Heat  transfer  and  pressure  drop  data  used  in  the  analysis  for  flow  outside 
the  selected  in-line  and  staggered  tube  arrangements  are  based  on  AiResearch 
test  data  obtained  from  a  series  of  small  test  cores.  For  each  of  the  four 
engine  configurations,  extensive  use  was  made  of  the  same  computer  program 
as  used  in  the  tubular  recuperator  analysis  and  described  in  the  previous 
section. 

The  initial  analysis  was  aimed  at  establishing  the  optimum  recuperator 
pressure  loss  split  to  give  minimum  weight  solutions.  As  in  previous  re¬ 
cuperator  studies,  a  survey  of  the  computer  output  showed  that  the  finned- 
tube  geometry  was  not  very  attractive,  primarily  because  finn  ng  of  the 
tubes  adds  area  to  the  side  of  the  heat  exchanger  that  already  has  the 
higher  conductance  (i.e.,  flow  across  the  tube  bundle).  The  addition  of 
heat  .ransfer  area  to  the  high-conductance  side  represents  an  inefficient 
use  of  heat  transfer  area,  and  thus  results  in  a  high-weight  design.  The 
recuperators  with  the  flap  turbulators  inside  the  tubes  yielded  the  lightest 
weight  solutions,  but  the  core  flow  frontal  areas  were  so  large  that  the 
units  were  incompat ible  with  the  turbomachinery.  The  designs  with  the 
plain  strip  inserted  in  the  tube  gave  slightly  lighter  weight  solutions 
than  the  plain  tube.  From  the  thousands  of  computer  solutions,  the  most 
attractive  designs  from  the  standpoints  of  minimum  weight  and  compatibility 
with  the  turbomachinery  were  associated  with  the  IFT  12  surface.  At  the 
65  percent  effectiveness  and  6  percent  pressure  loss  levels,  the  effect  of 
pressure  loss  split  on  tube  and  fin  weight  for  a  range  of  tube  diameters 
is  shown  in  Figure  44  for  the  IFT  12  outside  surface  geometry,  for  plain 
tubes  with  plain  strip  inserts  as  the  inside  surface.  As  can  be  seen, 
a  60/40  hot-to-cold  side  pressure  loss  split  results  in  units  close  to  mini¬ 
mum  core  weight.  This  value  is  in  agreement  with  the  findings  of  the  plain 


121 


Q. 


Fins  spi'ai  wound  and 
b razed  to  tube  body 


/ 


llil! 

! 

n  ... 

7T>  , 

do  D 

Tirn 

li  1 

- H>|  p  *•— 

d  =  Tube  inside  diameter 
dQ  =  Tube  outside  diameter 

t  =  Wall  thickness 
&  =  Fin  thickness 

p  =  Fin  pitch 
N  -  Fins/inch(|/p) 

D  -  Fin  outer  diameter 


a)  Disc-finned 


tube  geometry 


X_  x  d  in. 
T  o 


X  x  d  in. 
i  o 


Staggered  tube  arrangement  (SFT) 
dQ  =  Tube  outside  diameter 
XT  =  Transverse  pitch  as  defined  in  sketch 
XL  =  Longitudinal  pitch  as  defined  in  sketch 


b)  Outside  surface  geometries 
Figure  43.  Finned-Tube  Surface  Geometries. 
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tube  analysis  discussed  in  the  previous  section.  With  this  pressure  loss 
split,  the  effect  of  pressure  loss  level  on  core  size  and  weight  for  the 
two-pass  cross-counterflow  A-l  and  B- 1  engine  configurations  at  the  65 
percent  effectiveness  level  is  also  shown  on  Figure  44.  The  relationship 
between  effectiveness  and  core  size  and  weight  for  a  series  of  tube  diam¬ 
eters,  with  and  without  a  plain  internal  insert,  for  engine  configurations 
A-l  and  B- 1  are  shown  in  Figure  45.  In  Figures  46  and  47,similar  relation¬ 
ships  are  shown  for  engine  configurations  A-2  and  B-2  respectively. 

Because  the  finned-tube  core  weights  are  so  much  higher  than  the  dimpled 
plain  tube  variants,  the  curves  shown  on  Figures  45,  46,  and  47  have  been 
drawn  only  for  a  recuperator  pressure  loss  of  6  percent.  Typically,  the 
effect  of  pressure  loss  on  core  size  and  weight  was  shown  in  Figure  44  for 
a  given  effectiveness  and  surface  geometry.  Based  on  the  analysis,  it  is 
concluded  that  finned-tube  surface  geometries  are  not  attractive  for  small 
gas  turbine  recuperators  where  the  overall  allowable  pressure  loss  is  small 
and  the  main  design  goal  is  to  produce  a  unit  of  minimum  weight. 


The  main  application  for  finned-tube  surface  geometries  is  in  1 i qu id-to-a i r 
heat  exchangers.  A  typical  example  is  an  air-cooled  oil  cooler  where  a 
high  inside  oil  pressure  drop  can  be  tolerated,  and  thus  the  inside  heat 
transfer  coefficient  can  be  increased  substantially  by  the  use  of  internal 
turbulators. 

PLATE-FIN  SURFACE  GEOMETRY  EVALUATION 


For  the  effectiveness  and  pressure  loss  range  outlined  in  a  previous  section, 
a  variety  of  plate-fin  surface  geometries  of  the  type  shown  in  Figure  35c 
was  considered  in  the  recuperator  parametric  study.  The  following  vari¬ 
ables  have  been  used  in  the  analysis. 

Flow  Configurations 

Count erf  low 

Two-pass  cross-counterflow 
Three-pass  cross-counterf low 
Four-pass  cross-counterflow 

In  all  four  engine  configurations.it  has  been  assumed  that  the  high  pressure 
compressor  discharge  air  is  the  single-pass  fluid  and  the  turbine  discharge 
gas  is  the  multipass  fluid,  flowing  through  the  heat  exchanger  in  a  pattern 
to  give  a  cross-counterflow  arrangement. 

Surface  Geometry 

A  wide  range  of  secondary  surfaces  was  evaluated.  Both  plain  triangular 
and  rectangular  offset  fins  of  the  type  shown  in  Figure  48  were  examined. 
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Figure  45.  Relationship  Between  Effectiveness  and 
Finned-Tube  Recuperator  Size  for  Engine 
Configurations  A-l,  B-l. 
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Figure  46.  Relationship  Between  Effectiveness  and 
Finned-Tube  Recuperator  Size  for  Engine 
Conf igurat ion  A-2, 


In  the  majority  of  recuperator  industrial  and  automotive  applications, 
offset  finned  surfaces  are  utilized  for  minimum  volume  and  weight.  With 
this  type  of  surface,  the  fins  are  systematically  pierced  in  the  direction 
of  flow,  and  offset  normal  to  the  direction  of  flow,  as  shown  in  Figure  48. 
This  provides  periodic  dissipation  of  the  boundary  layers  and  thereby 
increases  the  heat  transfer  coefficients.  Boundary  layer  dissolution  incurs 
a  smaller  pressure  drop  penalty  than  artificial  turbulence  promotion  such 
as  that  obtained  with  the  wavy  or  herringbone  configurations.  In  the 
development  of  many  thousands  of  plate-fin  heat  exchangers  for  aircraft 
and  industrial  applications,  a  large  number  of  AiResearch  fin  geometries 
have  been  generated  for  which  heat  transfer  and  friction  data  are  available. 
In  comparing  the  characteristics  of  the  various  types  of  surfaces,  including 
offset,  plain,  louvered,  perforated,  herringbone,  and  pin-fin,  it  has  been 
observed  that  the  compact  offset  rectangular  fins  result  in  matrices  of 
minimum  volume  and  weight,  and  thus  represent  a  very  effective  type  of 
secondary  surface. 

The  range  of  surface  geometries  evaluated  varied  from  a  very  compact  con¬ 
figuration  (38  fins/inch,  0.025  inch  passage  height)  to  a  relatively  loose 
corrugation  (10  fins/inch,  0.55  inch  passage  height).  Details  of  the  20 
surfaces  considered  are  given  in  Table  X.  All  combinations  of  these  sur¬ 
faces  on  both  the  high  and  low  pressure  sides  of  the  unit  were  considered. 

For  the  plate-fin  geometries,  extensive  use  was  made  of  two  computer  pro¬ 
grams  written  for  designing  counterflow  and  multipass  cross-counterflow 
heat  exchangers.  Both  programs  design  gas-to-gas  plate-fin  heat  excnangers 
by  an  iteration  procedure  for  a  range  of  finned  surfaces.  The  friction 
factor  (f)  and  Colburn  modu<us  (j)  for  each  of  the  fin  surface  are  avail¬ 
able  in  a  tubular  form  as  a  function  of  heat  exchanger  Reynolds  number. 

Heat  transfer  and  pressure  drop  data  used  in  the  plate-fin  analysis  are 
based  on  AiResearch  test  data  obtained  from  a  series  of  small  test  cores. 
When  given  the  required  performance,  fluid  properties,  fin  information, 
and  heat  exchanger  details,  the  programs  calculate  the  size  and  weight  of 
the  required  heat  exchanger  core.  The  programs  were  also  directed  to 
search  for  fin  combinations  giving  the  lightest  weight  solution.  Perfect 
gas  behavior  and  normal  operating  temperature  and  pressure  levels  are 
assumed.  Density  for  the  core  friction  pressure  drop  is  the  reciprocal  of 
the  average  specific  volume.  Each  side  of  the  heat  exchanger  is  designed 
separately  and  the  sides  are  combined.  There  is  no  mixing  inside  each  pass, 
but  mixing  between  passes  is  assumed.  Checks  are  made  for  thermodynamically 
impossible  problems  and  for  core  and  duct  Mach  numbers.  The  specific  heat 
ratios  in  the  compressibility  equations  are  calculated  from  the  specific 
heat  by  means  of  perfect  gas  relations.  Duct  and  core  end  losses  are 
calculated  as  fixed  multiples  of  the  velocity  pressure.  Fin  effectivenesses 
are  determined  by  iteration. 

Required  input  performance  parameters  include  weight  flows,  inlet  total 
temperatures  and  total  pressures,  total-to-total  overall  pressure  drops, 
and  effectiveness.  Required  input  fin  and  heat  exchanger  information 
includes  material  thickness,  thermal  conductivities,  and  densities.  In 


130 


*66/ 


I 


a)  Enlarged  view  of  typical 
plain  triangular  fin  heat 
transfer  surface 


b)  Enlarged  view  of  typical 
plain  rectangular  fin  heat 
transfer  surface 


c)  Enlarged  view  of  a  typical 
rectangular  offset-fin 
heat  transfer  surface 


Figure  48.  Typical  PI  ate- Fin  Surface  Geometries. 


TABLE  X.  PLATE-FIN  SURFACE  GEOMETRIES  EVALUATED 
_ IN  RECUPERATOR  PARAMETRIC  STUDY _ 


Number 

Fin  Type 

Fins/Inch 

Passage  Height,  in. 

1 

Rectangular  offset 

38 

0.025 

2 

If 

20 

0.050 

3 

24 

0.075 

4 

20 

0.075 

5 

20 

0.100 

6 

16 

o 

* 

i 

7 

16 

0.125 

8 

16 

0.153 

9 

24 

0.200 

10 

24 

0.300 

11 

16 

0.250 

12 

28 

0.250 

13 

16 

0. 100 

14 

12 

0.  175 

15 

Rectangular  offset 

12 

0. 117 

16 

Plain  triangular 

17 

0.  125 

17 

»! 

19 

0.250 

18 

17 

0.125 

19 

12 

0.250 

20 

Plain  triangular 

10 

0.544 
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the  counterflow  analysis,  the  effect  of  the  inlet  and  outlet  crossflow 
sections,  which  are  necessary  to  distribute  the  gas  flews  into  and  out  of 
the  pure  counterflow  section,  on  the  size  and  performance  of  the  unit  was 
not  calculated.  In  the  analysis, 4C0  fin  surface  combinations  were  evaluated 
and  a  search  was  directed  for  the  fin  surface  combination  that  resulted  in 
the  lightest  weight  heat  exchanger  solution.  The  results  of  the  search  for 
the  minimum  weight  ccunterflow  recuperator  matrix  are  plotted  on  Figure  49. 

The  values  given  are  for  pure  counterflow  only  and  do  not  include  the  end 
headering  sections.  Based  on  current  manufacturing  technology,  a  minimum 
fin  thickness  of  0.004  in,  has  been  assumed,  together  with  a  tube  plate 
thickness  of  0.006  in.  These  curves,  drawn  for  pure  counterflow,  can  be 
applied  to  each  of  the  four  engine  configurations  and  are  valid  whether  a 
modular  or  full  annular  core  arrangement  is  assumed.  Radially  tapered 
passages  have  not  been  considered;  thus,  for  the  full  annular  type  of  core, 
the  elements  would  have  to  be  spirally  wrapped  or  formed  into  an  involute 
to  maintain  a  constant  passage  height. 

For  the  reference  engine  design  point  effectiveness  and  pressure  loss  of 
0.65  and  6  percent,  respectively,  it  can  be  seen  from  Figure  49  that  the 
minimum  matrix  weight  is  66  1b  and  the  minimum  volume  is  0.714  ft^.  Above 
an  effectiveness  of  about  0.70,  the  volume  and  weight  increase  very  rapidly. 

In  general,  utilization  of  extremejy  compact  plate-fin  surfaces  results  in 
cores  in  which  the  weight  is  greater  and  the  volume  is  smaller  than  an 
equivalent  unit  with  tubular  surface  geometry.  To  achieve  the  smaller 
volume,  it  is  necessary  to  use  extremely  compact  surfaces,  with  the  result 
that  the  frontal  areas  tend  to  be  large  and  the  flow  lengths  small,  for  a 
counterflow  configuration  with  small  allowable  pressure  losses.  The  weights 
and  volumes  given  in  Figure  49  are  the  minimum  that  can  be  obtained  from 
the  fin  surface  inventory  selected  fer  'he  plate-fin  recuperator  parametric 
study.  It  is  realized  that  the  choice  of  surface  geometry  for  the  minimum 
weight  solution  may  not  give  a  core  shape  that  is  compatible  with  the  turbo- 
machinery,  and  Figure  49  is  drawn  merely  to  show  the  theoretically  obtainable 
minimum  volumes  and  weights.  Relaxation  of  the  surface  compactness  to 
reduce  flow  frontal  area  would  result  in  an  increase  in  core  weight  and 
volume.  Addition  of  the  end  sections  to  direct  the  air  and  gas  into  and 
out  of  the  oure  counterflow  section  also  results  in  an  increase  in  core 
weight  and  volume  over  the  values  shown  in  Figure  49. 

Figure  50  shows  the  effect  of  material  thickness  on  the  weight  and  volume 
of  a  counterflow  core.  The  datum  for  this  study  is  the  minimum  weight  core 
for  the  reference  engine  conditions  from  Figure  49  (effectiveness  0.65, 
pressure  loss  6  percent).  As  one  would  expect,  the  biggest  weight  savings 
results  from  a  reduction  in  the  corrugation  fin  thickness.  However,  as  the 
fin  thickness  is  reduced,  the  fin  efficiency  falls  off,  resulting  in  an 
increased  volume  requirement  for  the  same  thermal  duty;  the  volume  increases 
rapidly  if  the  fin  thickness  is  reduced  much  below  0.003  in.  For  a  particular 
application,  the  minimum  material  thickness  would  be  determined  from  a 
detailed  stress  analysis  of  the  core  for  a  given  life  requirement.  The 
minimum  fin  and  plate  thicknesses  for  current  stainless  steel  recuperators 
are  0.004  in.  and  0.006  in.  respectively.  For  lightweight  aerospace  appli¬ 
cation,  slightly  thinner  foils  could  probably  be  used,  but  this  would  result 
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Figure  49,  Counterflow  Plate-Fin  Minimum  Matrix 
Volume  and  Weight  Relations. 


Effectiveness 
Pressure  loss 


Effect  of  Material  Thickness  on  Matrix  voiun 
Weight  for  Counterflow  Plate-Fin  Recuperator 


in  much  tighter  control  of  the  manufacturing  tolerances,  particularly  in 
the  brazing  operation  where  extremely  close  temperature  control  would  De 
necessary  to  minimize  local  braze  alloy  erosion,  etc. 

In  addition  to  the  purs  counterflow  variant,  plate-fin  arrangements  of 
two-,  three-,  and  four-pass  cross-counterf lew  have  been  analyzed.  As 
carried  out  for  the  tubular  units,  the  effect  of  pressure  loss  split  on 
core  weight  was  examined  (figure  51 }.  For  the  two-pass  cross-counterflow 
design,  the  matrix  weight  is  a  minimum  when  60  percent  of  the  available 
pressure  loss  is  used  up  on  the  gas  side  of  the  unit.  For  the  three-  and 
four-pass  arrangements,  the  minimum  weight  is  achieved  at  a  slightly  higher 
percentage  on  the  gas  side.  To  show  the  effect  of  pressure  loss  split  on 
core  weight  and  volume,  these  curves  were  drawn  at  the  reference  engine 
effectiveness  and  pressure  loss.  With  the  limited  pressure  loss  available 
and  the  small  recuperator  inside  diameter,  the  surface  compactness  has  to 
be  reduced  for  the  three-,  and  four-pass  arrangements  with  the  result  that 
the  minimum  matrix  weight  and  volume  increase  compared  with  the  two-pass 
configuration. 

In  Figure  52,  the  relationships  between  effectiveness  and  pressure  loss 
ar.J  between  minimum  core  weight  and  volume  are  shown  for  a  two-pass  cross¬ 
counterflow  arrangement.  As  for  the  counterflow  arrangement,  the  data 
presented  are  -slid  for  a  modular  or  full  annular  core,  and  the  comments 
*  given  previously  regarding  material  thickness  are  equally  applicable.  The 
curves  shown  in  Figures  52,  53,  and  54  again  represent  minimum  weight 
solutions  taken  from  a  search  involving  400  fin  surface  combinations  and 
are  drawn  for  the  case  where  60  percent  of  the  available  pressure  loss  is 
used  up  cn  the  gas  side  of  the  unit.  For  the  two-pass  cross-counterflow 
arrangement,  the  data  given  on  Figure  52  are  applicable  for  engine  con¬ 
figurations  A-l,  B-l,  and  B-2.  The  three-pass  cross-counterflow  data  on 
Figure  53  are  for  engine  configuration  A-2,  and  the  four-pass  data  on 
Figure  54  can  be  applied  to  configurations  A-l,  B-l,  and  B-2. 

Based  on  the  plate-fin  analysis,  a  series  of  minimum  weight  solutions  has 
been  established,  and  these  are  compared  with  solutions  from  the  tubular 
and  finned-tube  studies  at  the  reference  engine  conditions  as  outlined  in 
Table  XI. 


From  the  surface  geometry  comparison,  it  can  be  seen  that 
weight  counterflow  plate-fin  matrix  weight,  while  lighter 
tube  variant,  is  much  heavier  than  the  dimpled  plain  tube 
fore,  the  main  emphasis  in  establishing  an  optimum  design 
trated  on  the  dimpled  plain  tube  geometries. 
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Minimum  matrix  weight , lb  Minimum  matrix  volume, ft^ 


Curves  drawn  for  below  data 


•  Minimum  weights  and  volumes  taken  from 
parametric  analysis  with  400  fin  surface 
geometry  combinations 

•  Fin  thickness  0.004  in. 

Tube  plates  0.006  in. 

Material  density  0.286  lb/in. 3 

Curves  drawn  for 
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Figure  51.  Effect  of  Pressure  Loss  Split  on  Minimum 
Recuperator  Matrix  Plate-Fin  Weight  and 
Volume  for  Cross-Counterflow  Arrangement. 
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Figure  52.  Minimum  Plate-Fin  Matrix  Volume  and  Weight 

for  a  Two-Pass  Cross-Counterflow  Recuperator. 
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TA8LE  XI.  COMPARISON  OF  MINIMUM  WEIGHT  SOLUTIONS  FOR  TUBULAR, 
FINNED-TUBE,  AND  PLATE-FIN  GEOMETRIES  


Surface  Geometry 

Dimpled 

Plain 

Tube 

Finned 

Tube  With 
Plain 
Insert 

Plate  Fin 

Flow  Configuration 

Two-Pass  Cross 
Counterflow 

Counterflow  Two-Pass  Cross 

Counterf low 

Engine  Configuration 

A- 1 

A-  1 

A-  1 

A- 2 

A-  1 

B-l 

B-l 

B-i 

3-2  B-l 

B-2 

Effect iveness 

0.65 

0.65 

0.65 

0.65 

Pressure  Loss,  ‘p 

6.0 

6.0 

6.0 

6.0 

Minimum  Weight,  lb 

27.  14 

82.53 

66.0 

88.0 

RECUPERATOR  MATERIALS 


The  factors  of  primary  importance  in  the  selection  of  recuperator  materials 
are  mechanical  properties,  hot-corrosion  resistance,  fabricabi 1 ity,  com¬ 
patibility  with  brazing  filler  metals,  metallurgical  stability,  and  cost. 

Mechanical  Properties 


A  recuperator  material  must  have  adequate  mechanical  properties  during  its 
design  lifetime  to  withstand  the  stresses  due  to  thermal  transients  and 
fluctuating  and  steady-state  pressure  differentials. 

It  is  insufficient  merely  to  measure  the  properties  of  new,  unexposed 
material,  because  mechanical  properties  are  almost  always  degraded  by 
environmental  attack  and  by  metallurgical  changes  such  as  aging  reactions 
and  carbide  precipitation.  Metallurgical  stability  and  corrosion  resistance 
cannot  be  considered  apart  and  are  important  in  evaluating  mechanical  prop¬ 
erties. 

Erosion  resistance  is  also  an  important  mechanical  property.  Erosion  is 
caused  bv  solid  or  liquid  particles  (dust,  sand,  carbon,  or  molten  salt 
droplets)  in  the  gas  turbine  environment  battering  against  the  surface  of 
a  material.  Although  dynamic  yield  strength  and  endurance  iimit  can  give 
indications,  there  is  no  accurate  way  to  calculate  erosion  resistance. 

Among  the  stainless  steels  and  superalloys  considered  as  recuperator 
meterials,  those  with  higher  yield  strength  should  have  the  higher  resist¬ 
ance  to  erosion. 


Hot  Corrosion 


Hot  corrosion  is  the  attack  on  metal  alloy  components  caused  directly  or 
indirectly  by  contact  with  products  of  combustion  of  gas  curbir.s  engines. 
Included  in  this  term  are  all  synergistic  effects  that  contribute  to  hot 
corrosion  such  as  sulfidation,  oxidation,  erosion,  stress  corrosion,  and 
both  static  and  cyclic  stresses. 

In  an  Army  Aviation  Materiel  Laboratories  sponsored  research  program  at 
AiResearch  (Reference  4),  it  has  been  shown  that  hot-corrosion  attack  of 
stainless  steels  and  superalloys  definitely  occurs  at  current  levels  of 
recuperator  operating  tenperatures. 

Fabricabi 1 ity 

Materials  selected  for  formed  parts,  such  as  fins  and  pans,  must  have 
adequate  formability  at  room  temperature  and  must  be  amenable  to  brazing, 
welding,  and  all  other  contemplated  manufacturing  operations. 

Compatibility  with  Brazing  Filler  Metals 

Since  brazing  is  the  most  economical  means  of  producing  recuperator  struc¬ 
tures,  the  compatibility  of  structural  materials  with  candidate  brazing 
filler  metals  is  of  primary  importance.  The  selected  base  metal/filler 
metal  combinations  must  satisfy  the  following  requirements: 

1.  Compatible  brazing  temperature.  Metal lurgical  changes  must  not 
occur  in  the  parent  metal  as  a  result  of  the  brazing  temperature 
cycle. 

2.  Minimum  erosion  and  penetration  into  the  base  metal. 

3.  Adequate  wetting  and  flow. 

4.  Adequate  brazed  joint  strength  and  hot-corrosion  resistance. 

5.  Little  or  no  embrittlement  of  the  base  metal  by  diffusion  of 
brazing  filler  metal  constituents  into  the  base  metal. 

6.  If  galvanic  attack  appears  to  be  a  problem  under  service  condi¬ 
tions,  galvanic  potential  Detween  base  metal  and  filler  metal 
should  be  low.  The  base  metal  should  preferably  be  the  anode, 
since  it  has  much  greater  surface  area. 

Metallurgical  Stability 

The  mechanical  properties  and  corrosion  resistance  of  a  recuperator  material 
must  not  be  detrimentally  affected  by  internal  metallurgical  changes,  such 
as  carbide  precipitation,  sigma  formation,  internal  oxidation,  or  diffusion 
reactions  between  d iss imi lar  mater ia 1 s,  e.g.,  between  base  metals  and 
filler  metals  or  coatings. 
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AiResearch  has  acquired  an  extensive  background  relating  to  the  effects  of 
wail  thickness,  temperature,  gas  atmosphere  composition,  and  brazing  filler 
metals  on  the  creep  strength,  rupture  strength,  ductility  and  high  temper¬ 
ature  corrosion  of  a  variety  of  stainless  steel  and  superalloys. 

A  reduction  in  strength  of  thin-walled  materials  has  also  been  demonstrated 
in  a  program  on  hot  corrosion  of  recuperator  alloys  (Reference  4).  The  purpose 
of  the  program  was  to  evaluate  the  hot-corrosion  resistance  of  the  materials 
ard  brazing  alloys  in  gas  turbine  combustion  products  at  1100°,  1300°, 
anti  1500°F.  Preliminary  hot-corrosion  tests  at  1500°F  were  conducted  for 
100  hr  to  screen  candidate  braze  alloys.  Following  this,  tubes  containing 
disks  brazed  with  selected  braze  alloys  were  pressurized  at  maximum  temper¬ 
atures  of  1100°,  1300°,  and  1500°F  to  cause  fai lure-at-t ime  intervals  up 
to  1000  hr.  Specimens  were  thermally  cycled  under  stress  after  2-hour 
hold  times  at  temperatures  and  alternately  exposed  to  oxidizing  and  reducing 
gases  containing  5  ppm  sea  salt  to  simulate  startup,  operating,  and  cool¬ 
down  conditions  of  a  gas  turbine  engine*  Tubing  and  brazed  joints  were 
metal lographical ly  examined  to  evaluate  hot  corrosion  of  various  brazing 
alloy  tubing  material  combinations.  Hot-corrosion  stress  rupture  data  for 
a  material  are  shown  in  Figure  55.  Figure  56  shows  the  range  of  yas  and 
core  metal  temperatures  being  considered  in  the  recuperator  parametric 
study.  The  estimated  maximum  tube  wall  metal  temperatures  are  based  on  a 
heat  exchanger  with  balanced  thermal  conductances( i ,e. ,  hA  =  hArtT  ). 

This  assumption  is  fairly  valid  since  the  goal  of  the  parametric  study  was 
to  identify  surface  geometries  to  give  minimum  volume  and  weight  solutions. 

MATERIAL  COSTS 


Foil  and  tube  costs  were  obtained  for  candidate  recuperator  materials  over  a 
representative  range  of  material  thicknesses  and  tube  diameters.  With  the 
main  emphasis  being  placed  on  dimpled  plain  tube  surface  geometries  to  give 
minimum  weight  units,  detailed  cost  analysis  of  the  tubular  heat  exchangers 
was  carried  out.  Tube  price  data  used  in  tne  cost  analysis  for  a  selected 
reference  material  is  shown  in  Figure  57, 


STRUCTURAL  CONSIDERATIONS 


Structural  considerations  related  to  recuperator  design  were  investigated 
for  the  severe  pressure,  temperature  ano  vibratory  load  environment  associ¬ 
ated  with  turbine  operations.  Design  conditions  are  discussed  and  a  typical 
set  of  material  stress  criteria  is  provided  for  the  various  loadinqs. 
Applicable  material  properties  for  a  candidate  superalloy  material 
are  included  to  indicate  approximate  acceptable  stress  levels.  Critical 
structural  design  areas  such  as  the  :ubes  and  tube  supports,  1 zaders,  and 
shells  are  discussed  to  outline  the  general  approach  n  xessar,  for  a  suc¬ 
cessful  design. 
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Recuperator  gas  Inlet 

^Maximum  recuperator  tube  wall  metal  temperature,  °F  temperature,  °F 


Recuperator  pressure  loss  (AP/P)t 


loss  (AP/P)$ 

Figure  56.  Effect  of  Recuperator  Parameters  on  Heat 
Exchanger  Gas  Inlet  Temperature  and 
Maximum  Tube  Wall  Metal  Temperature. 
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Tube  cost  cents/foot 


Design  Criteria 


The  recuperator  is  expected  to  operate  for  a  minimum  of  1000  hr  in  a  high 
temperature  environment  which  will  have  metal  temperatures  of  about  1300°F 
and  gas  pressures  up  to  about  130  psi.  The  combined  effects  of  high  temper¬ 
ature  and  extended  life  require  that  the  recuperative  material  provide 
adequate  creep  strength  properties.  Transient  temperature  conditions, 
particularly  during  startup,  must  be  accommodated  for  in  the  heat  exchanger 
design,  so  that  the  selected  material  will  have  adequate  fatigue  strength. 

In  this  low-cycie  fatigue  range,  stresses  exceeding  the  material  yield 
strength  are  acceptable,  and  fatigue  life  is  related  to  the  plastic  strain 
per  cycle  and  to  the  material  ductility.  Therefore,  to  provide  adequate 
thermal  fatigue  life,  the  material  must  have  acceptable  reduction  in  area 
properties.  An  extensive  shock  and  vibration  spectrum  >s  expected  due  to 
aircraft  and  engine  operating  characteristics  with  the  engine  mount  and 
rotational  frequencies  being  the  most  critical  to  the  recuperator.  If  a 
recuperator  resonance  coincides  with  an  engine  operating  frequency,  large 
vibratory  amplifications  can  occur  which  will  cause  recuperator  fatigue. 

Many  cycles  can  be  accumulated  during  the  operating  life,  so,  in  contrast 
to  low-cycle  thermal  fatigue,  the  design  stresses  must  be  below  the  fatigue 
limit  of  the  material  which  is  about  the  yield  strength  for  typical 
recuperator  materials. 

A  variety  of  load  conditions,  stress  conditions,  and  types  of  failure  mode 
possibilities  would  be  experienced  by  the  unit  during  its  life.  The 
detailed  set  of  design  criteria  discussed  below  would  be  used  to  design  the 
various  components. 

Allowable  Stresses  for  Internal  Pressure  Design 

The  standard  design  practice  employed  by  A i Research  is  to  design  the  pressure 
carrying  structure  for  proof  pressures  of  1.5  times  the  working  pressures 
and  for  burst  pressures  of  2.5  times  the  working  pressures.  The  structure 
must  not  yield  at  proof  pressure  or  rupture  at  burst  pressure.  This  implies 
that  the  proof  pressure  is  the  governing  design  condition  if  the  ratio  of 
yield  stress  to  ultimate  stress  is  less  than  0.6  and  that  the  burst  pressure 
will  govern  if  the  ratio  is  greater  than  0.6.  The  allowable  stress  at 
working  pressure  is,  therefore,  the  lesser  of  the  following: 

«.i i  ■  K.t>/2-5 . <la> 

"all  *  . (Ib) 

At  elevated  temperature  for  extended  operating  times,  the  above  conditions 
must  be  satisfied,  and  in  addition,  the  component  must  be  satisfactory  for 
creep  effects.  A  set  of  criteria  for  erner  must  be  comparable  to  those 
for  the  short-time  loading.  Accordingly,  limitations  based  upon  stress 
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to  rupture  and  stress  to  I -percent  creep  must  be  established.  For  the 
rated  design  life  of  the  unit,  it  will  be  designed  for  sustained  pressure 
operation  at  maximum  operating  temperature  throughout  the  entire  design 
life.  Allowable  stresses  at  working  pressure  must  be  the  lesser  of  the 
fol lowing: 


aal!  =  t( 1-percent  creep  stress)  {000  hp3/l. 2  -  (2a) 

aall  =  [(creep- rupture  stress) l00Q  hf3/l .5  .  (2b) 

Allowable  Stresses  for  Inertia  Loads 

Inertia  loads,  both  static  and  vibratory,  may  be  experienced  during  any 


phase  of  the  operating  cycle  of  the  unit.  The  component  must,  therefore, 
be  designed  to  carry  the  inertia  loads  at  elevated  temperature.  Since 
the  maximum  loads  generally  occur  for  a  relatively  short  time  duration, 
the  short-time  material  properties  will  be  used.  The  design  allowable 
stress  used  for  the  inertia  loads  will,  therefore,  be  governed  by 
Equation  (l). 


Allowable  Thermal  Fatigue  Stresses 


The  magnitude  of  thermal  stress  due  to  temperature  differences  developed 
during  the  rapid  heat-up  cycle  of  the  system  results  in  plastic  deforma¬ 
tions  in  various  components,  particularly  in  the  hot  operating  regions. 

For  a  minimum  operating  life  requirement  of  1000  thermal  cycles,  a  minimum 
design  life  of  £000  cycles  vrould  be  used  to  ensure  that  the  life  is  achieved. 
The  required  analysis  was  based  on  the  accumulated  plastic  strain  approach 
for  estimating  fatigue  life.  The  number  of  cycles  to  failure  N  is  deter¬ 
mined  from  the  formula 


N  = 


2C 


iy2  *  uP>2 

1-2 


4-5 


(3) 


where  N  =  cycles  to  failure 


e  =  plastic  strain 
P 

C  =  material  ductility  constant 


The  ductility  constant  is  based  upon  the  material  reduction  of  area 
property,  RA,  and  the  formula  below  is  based  on  work  outlined  in 
Reference  5. 


C 


0.79  Ln 


100 

100  -  RA 


148 


The  reduction  area  at  fracture  is  determined  from  standard  tens  lie  tests 
and  the  plastic  strain  is  estimated  from  a  typical  load  cycle  for  the 
material.  Cumulative  effects  for  different  load  cycles  during  the  material 
life  are  handled  by  a  fatigue  damage  rule  similar  to  Miner's  rule.  In 
addition,  since  both  creep  and  fatigue  are  occurring  simultaneously,  the 
effects  of  the  two  material  damage  phenomena  are  important. 

Material  Properties 


The  allowable  pressure  stresses  vs  temperature  for  a  reference  recuperator 
material  are  shown  in  Figure  58.  The  allowable  stresses  were  determined 
from  the  yield  stress  and  the  stress  f r- r  l-percent  creep  in  1000  hr  using 
the  design  criteria  in  Equations  (l)  and  (2).  The  yield  and  the  l-percent 
creep  stress  conditions  provide  lower  allowable  stresses  than  the  ultimate 
stress  and  1000-hr  creep  rupture  stress.  Additional  properties  required 
for  design  are  included  in  Table  XII. 

Tube  Design 

Tube  dimensions  were  based  on  the  heat  transfer  analysis  and  then  checked 
for  structural  capability.  Typical  tube  lengths  were  from  10  to  15  in., 
diameters  were  0.1  and  0.125  in.,  and  wall  thickness  was  0.004  in.  Maximum 
tube  operating  temperature  was  estimated  to  be  I20C°F  for  0.65  effective¬ 
ness  case  based  on  a  gas  inlet  temperature  of  I330°F  and  an  air  outlet 
temperature  of  !070°F.  Loads  on  the  tubes  included  pressure  and  thermal 
and  vibratory  inertia,  as  discussed  in  the  following  paragraphs. 

Pressure  containment  capability  can  be  determined  from  the  cylindrical 
membrane  stress  by  the  standard  relation 

a  =  FR/t 

The  stress  for  a  0. 1 25— i n. -diameter  tube  with  a  wall  thickness  of  0.004  in. 
at  the  compressor  outlet  pressure  of  132  psi  is  therefore  4100  psi.  The 
allowable  stress  from  Figure  58  at  I200°F  is  31,000  psi,  so  tube  strength 
is  more  than  adequate  for  pressure  containment. 

Axial  thermal  loads  in  the  tubes  due  to  differential  growth  between  the 
tubes  and  adjacent  structures  must  be  avoided  whereas  differential  tube 
growth  and  thermal  bending  stresses  can  be  tolerated.  The  thermal  analysis 
for  this  study  was  restricted  to  considering  the  axial  temperature  differ¬ 
ential  which  will  require  moving,  or  floating,  headers  between  the  tubes, 
shells  and  tube  supports  except  for  a  single  fixed  point  which  is  assumed 
to  be  the  header  at  the  one  end.  The  header  at  the  hot  end  would  generally 
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Stress,  ksi 


Figure  58,  Allowable  Pressure  Stresses  Versus  Temperature  for  a 
Reference  Recuperator  Material, 
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TABLE  XII.  TUBE  MATERIAL  PROPERTIES  VS  TEMPERATURE 


Thermal  Expansion 
Temperature,  Coefficient, 

°F  in./in./°Fx!06 

Elast  ic  Modulus, 
psi  x  10”6 

Reduct  ion  in 
area,  percentO) 

70 

- 

29.8 

43 

200 

7.1 

29.2 

- 

400 

7.3 

28.4 

- 

600 

7.4 

27.5 

- 

800 

7.6 

26.6 

- 

1000 

7.8 

25.6 

- 

1200 

8.2 

24.4 

- 

I40C 

8.5 

23.1 

48 

1600 

3.8 

- 

73 

(l)Typical  values  for  sheet 
at  AiResearch. 

material  based  on  tests 

conducted 

be  selected  as  the  fixed  point  so  that  the  required  flexible  joints  or  seals 
could  be  designed  for  the  lower  temperature  operating  regions.  An  example 
of  the  temperature  differentials  that  can  bt>  expected  is  provided  by  the 
differential  between  the  outer  shells  for  the  ducting,  the  compressor  air 
to  the  tubes, and  the  tubes  themselves  in  design  configuration  A-l.  At 
steady-sta.e  conditions,  the  shell  temperature  will  be  about  600°F,  whereas 
the  average  tube  temperature  is  estimated  to  be  about  1000°F.  The  tubes 
adjacent  to  the  shell  will  therefore  be  in  compression.  A  400°F  temperature 
differential  occurs  during  steady  conditions,  whereas  the  allowable  differ¬ 
ence  to  avoid  tube  buckling  in  compression  would  be  about  200°F.  During 
start  conditions,  the  tubes  respond  more  rapidly  than  the  shells  and  a 
transient  difference  of  700°  to  900° F  would  be  expected.  Transient  condi¬ 
tions  would  therefore  be  about  twice  as  severe  as  steady-state  conditions, 
and  strengthening  the  tube  to  avoid  buckling  is  not  practical.  The  floating 
header  design  approach  was  therefore  assumed  in  tne  analysis  that  follows. 

The  design  for  inertia  loads  was  based  on  a  25g  tube  capability  and  tube 
resonance  frequencies  greater  than  150  Hz.  Assuming  that  the  tubes  are 
readily  exciteo  by  the  turbine,  and  that  an  isolation  system  is  not  desir¬ 
able,  this  approach  assumes  that  tube  resonances  giving  very  large  amplifi¬ 
cations  will  be  avoided.  If  resonances  above  150  Hz  occur,  it  is  assumed 
that  25g  capability  for  the  tubes  will  be  sufficient  for  extended  operations. 
The  allowable  tube  length  for  a  25g  uniform  load  can  be  estimated  for  simple 
support  conditions  where  the  beam  bending  stress  is 

a  =  — — 

Z 


where,  for  a  thin  wall  tube 
Z  =  TT  R^t 

and  M  =  25  Y  (2  uRt)  L^/8 

Combining,  and  using  a  typical  metal  density,  y,  of  0.3  lb/in.^, 
ct  =  1.8  L2/R 


For  an  allowable  bending  stress  at  1200°F  of  31,000  psi  the  allowable  un¬ 
supported  length  of  a  0. l-in. -diameter  tube  is  41  in.  However,  the 
allowable  span  for  the  same  tube  is  only  6.7  in.  based  on  the  natural 
frequency  relation 

f  =  1 . 57 \/ EI/p,  L4  - . (4) 


where 


E  =  material  elastic  modulus,  psi 

2 

(i  =  tube  mass  per  unit  length,  lb-sec  /in. 
I  =  ZR,  in.4 
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The  allowable  span  based  or  frequency  was  used  for  the  tube  support  design 
that  follows. 

Tube  Supports 

Tube  supports  include  flow  guides,  intermediate  baffles,  and  supports  for 
the  flow  guides  and  baffles.  The  design  load  for  the  flow  guides  and  baffles 
(required  when  allowable  span  is  exceeded  between  flow  guides  or  headers, 
depending  on  the  configuration)  is  the  tube  weight  over  the  span  loading  the 
baffle,  multiplied  by  25  to  account  for  amplifications  (see  tube  design).  The 
baffle  thicknesses  required  for  this  loading  are  small,  and  the  size  will 

generally  be  set  by  minimum  fabricable  size  limitations.  The  selected  i 

minimum  for  this  design  was  a  thickness  of  0.03  in.  < 

A  system  of  support  beams  parallel  to  the  tubes  will  be  required  to  support 
these  flow  guides  and  baffles  for  inertia  loads  perpendicular  to  the  tube 
axis.  The  approach  to  designing  these  beams  is  similar  to  tube  inertia 
load  design  and  therefore  includes  capability  for  25g  load  and  stiffness 
to  place  resonances  above  150  Hz.  In  addition,  since  the  support  beam  is 

paralle'  to  the  tubes,  one  end  will  be  fixed  and  the  other  free  to  slide  , 

so  that  thermal  restraint  of  the  tubes  does  not  occur.  ' 

Header  Design 

The  header  plate  on  the  one  end  will  support  the  tubes,  headers  and  baffles 
for  inertia  loads  and  also  will  be  a  pressure-carrying  member.  Due  to  the 
short  span  between  the  inner  and  outer  radii  of  the  header  annulus,  plate 
size  for  inertia  loads  will  be  less  than  the  selected  minimum  thickness  of 
0.04  in.  Pressure  loads  cause  edge  moments  on  the  inner  and  outer  radii, 
and  local  reinforcements  may  be  required.  The  header  at  the  other  end  is 
a  pressure-carrying  member,  and  the  design  will  be  similar  for  both  headers. 

Shell  Design 

The  manifolding  for  the  recuperator  consists  of  several  different  types  of 
pressure  containing  members  including  the  outer  cylinder  shells  in  the  A-l 
and  A-2  designs,  conical  inner  shells  and  a  radial  inlet  manifold  for  the 
compressor  air.  The  outer  cylindrical  shells  and  radial  manifold  can  be 
of  sandwich  construction  to  provide  efficient  pressure  containment  and 
strength  for  inertia  loads.  A  typical  outer  sandwich  shell  for  the  A-l  and 
A-2  configurations  would  consist  of  0.02  in.  sheets  and  plain  triangular 
fins  between  the  inner  and  outer  shells. 

An  important  design  consideration  for  the  shells  would  be  the  incorporation 
of  flexible  sections  to  accommodate  differential  growth  between  tubes  and 
shells.  A  typical  flexible  element  would  be  a  cylindrical  formed  metal 
bellows  which  would  contain  pressure  and  supply  the  needed  axial  flexibility. 
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SYSTEMS  COMPARISON  AND  EVALUATION 


An  evaluation  cf  the  parametric  data  is  presented  to  establish  an  engine 
configuration-recuperator  design  that  is  optimum  for  each  of  the  two  engine 
installation  types.  Evaluations  of  surface  geometry,  flow-path  configura¬ 
tions,  total  engine-recuperator  weight,  and  cost  are  given  below. 

RECUPERATOR  SURFACE  GEOMETRY  EVALUATION 


For  the  tubular  recuperator  designs,  all  four  engine  configurations  chosen 
have  the  high  pressure  compressor  discharge  air  inside  the  tuh&s  and  the 
low  pressure  turbine  exhaust  gas  outside  the  tubes.  As  found  ii  previous 
studies,  this  arrangement  results  in  lightweight  designs,  since  the  inside 
Reynolds  number  is  in  a  range  where  ring-dimpling  of  the  tube  wall  provides 
an  effective  means  of  increasing  the  inside  heat  transfer  coefficient. 

For  the  finned-tube  designs,  the  addition  of  finned  secondary  surfaces  on 
the  outside  of  the  tubes  virtually  precludes  ring-dimpling  of  the  tube 
wall.  The  inside  heat  transfer  coefficient  can  be  increased  by  utilizing 
a  plain  strip,  a  wire  spiral,  or  a  flap  turbulator  inside  the  tube.  With 
the  plain  strip  brazed  inside  the  tube,  the  combination  of  reduced  hydrau¬ 
lic  diameter  and  increased  surface  area  results  in  an  improved  internal 
conductance.  The  data  from  the  recuperator  parametric  study  showed  that 
the  finned-tube  geometry  was  not  very  attractive,  primarily  because  fin¬ 
ning  of  tubes  adds  area  to  the  side  of  thr  heat  exchanger  that  already  has 
the  higher  conductance.  The  addition  of  heat  transfer  surface  area  to  the 
high  conductance  side  represents  an  inefficient  use  of  heat  transfer  area, 
and  thus  results  in  a  high-weight  design. 

Based  on  practical  material  thicknesses,  a  series  of  minimum  weight  solu¬ 
tions  for  plate-fin  surface  geometries  was  generated  for  a  wide  range  of 
surface  compactness.  Using  efficient  offset  secondary  surfaces  resulted 
ir  the  cores  in  which  the  weight  was  greater,  and  the  volume  smaller,  than 
an  equivalent  unit  with  a  tubular  surface  geometry.  To  achieve  the  smaller 
volume,  extremely  compact  surface  geometries  were  necessary,  and  this  re¬ 
sulted  in  impractical  core  sizes  with  large  flow  frontal  areas  and  small 
flow  lengths.  In  the  parametric  study,  it  was  found  that  the  minimum 
weight  counterflow  nlate-fin  matrix,  while  lighter  than  the  finned-tube 
variant,  was  much  heavier  than  the  dimpled  plain  tube  design. 

With  one  of  the  major  goals  of  the  study  being  to  identify  the  type  of 
recuperator  surface  geometry  to  give  minimum  weight  units  that  are  com¬ 
patible  with  the  turbomachinery,  it  is  concluded  that  optimum  designs  will 
be  realized  with  plain  tube  surface  geometries. 
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RECUPERATOR  FLOW- PATH  CONFIGURATION 


From  the  parametric  study,  it  is  apparent  that  at  the  extremes  of  the  effec¬ 
tiveness  and  pressure  ioss  ranges  considered,  unrealistic  recuperator  sizes 
as  regards  compatibility  with  the  turbomachinery  result  for  the  practical 
range  of  internal  and  external  surface  geometries  used  in  the  i  eat  transfer 
analysis.  Even  with  the  smallest  hydraulic  ciiametar  surfaces  equated, 
the  minimum  core  weights  at  the  90  percent  effectiveness  level  were  in  the 
order  of  hundreds  of  pounds,  and  for  realistic  designs  an  upper  limit  on 
effectiveness  of  80  percent  has  been  used  in  the  comparison  of  configura¬ 
tions.  At  pressure  losses  of  less  than  4  percent,  the  recuperator  inner 
and  outer  diameters  become  large  and  are  not  practical  from  the  standpoint 
of  engine  integration.  In  the  comparison  of  the  various  configurations,  a 
low  value  of  recuperator  pressure  loss  of  4  percent  has  been  used. 

From  the  parametric  study  data,  a  comparison  in  core  weights  can  he  made 
between  the  two  external  configurations  A-l  and  A-2  over  the  range  of 
effectiveness  and  pressure  loss  considered.  In  the  design  of  the  three- 
pass  counterflow  recuperators  for  the  A-2  configuration,  it  was  necessary 
to  use  in-line  tube  patterns  to  achieve  minimum  weight  designs  that  were 
compatible  with  the  turbomachinery.  The  heat  transfer  characteristics  of 
this  tube  pattern  are  inferior  to  those  associated  with  the  staggered  tube 
design  used  in  the  A-l  configuration.  Although  increased  surface  density 
surfaces  were  utilized  for  the  A-2  design,  by  virtue  of  the  inherently 
lower  friction  characteristics  of  the  in-line  tub"-  arrangement,  the  in¬ 
crease  in  compactness  was  not  sufficient  to  offset  the  poorer  heat  transfer 
characteristics  of  the  in-line  tubes.  The  net  result  of  this  was  that,  over 
the  range  of  effectiveness  and  pressure  loss  considered,  the  core  weights 
of  the  A-2  configuration  were  higher  than  those  of  the  A-l  configuration 
when  comparing  two  units  on  the  basis  of  compatibility  with  the  turbo- 
machi nery. 

From  the  parametric  study  data,  a  comparison  in  core  weights  can  be  made 
between  the  two  internal  configurations  B-l  and  B-2  over  the  range  of 
effectiveness  and  pressure  loss  considered.  Both  designs  are  of  two-pass 
cross-counterflow  arrangement  with  the  high  pressure  air  inside  the  tubes 
and  the  low  pressure  gas  outside  the  tube  bundle.  In  the  B-l  design,  the 
low  pressure  gas  flows  two-pass  across  the  bundle,  and  for  designs  to  be 
compatible  with  the  turbomachinery  there  is  a  limic  in  surface  compactness 
that  can  be  used  for  the  low  available  gas  side  pressure  loss.  In  the  B-l 
design,  the  small  flow  length  associated  with  the  single  pass  across  the 
bundle  means  that  the  gas  side  mass  flow  velocity  can  be  increased  consid¬ 
erably  by  utilizing  a  much  more  compact  surface  geometry.  At  the  same 
time,  full  advantage  of  the  ring-dimpling  effect  on  internal  heat  transfer 
can  be  taken  by  the  increased  mass  flow  velocity  on  the  a;r  side  by  virtue 
of  the  two-pass  flow  arrangement.  In  comparing  the  two  configurations,  it 
is  apparent  that  the  B-2  flow  arrangement  results  in  designs  with  a  much 
improved  balance  of  internal  to  external  thermal  conductance.  On  the 
basis  of  compatibility  with  the  turbomachinery,  there  is  little  difference 
in  core  weight  between  the  B-l  and  B-2  designs,  but  because  of  the  much 
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more  compact  surfaces  used  in  the  B-2  arrangement,  the  core  volume  is  much 
less  and  hence  results  in  a  much  smaller  engine  package. 

While  configurations  A-i  and  B-2  can  be  identified  as  the  most  attractive 
from  the  standpoint  of  minimum  heat  exchanger  core  weight  for  the  exter¬ 
nal  and  internal  installations  respectively,  a  further  study  was  carried 
out  tc  confirm  1 1: i s  selection  on  the  basis  of  overall  engine-recuperator 
weight. 

RECUPERATOR  WEIGHT  ESTIMATES 

Detailed  weight  calculations  were  carried  out  for  the  four  engine  config¬ 
urations  at  the  reference  engine  design  conditions  (recuperator  effective¬ 
ness  of  0.65  and  pressure  loss  of  6  percent).  The  weight  of  the  recuper¬ 
ator  may  be  readily  broken  down  into  a  number  of  components,  including 
tubes,  headers,  baffles,  ducts,  flanges  and  seals.  To  enable  a  series  of 
simple  equations  to  be  generated  which  allows  the  total  weight  of  a  com¬ 
plete  recuperator  of  a  given  type  to  be  calculated  from  the  data  presen¬ 
ted  in  the  parametric  study,  the  following  were  considered. 

In  addition  to  tube  weight,  the  headers  and  baffles  must  be  considered  in 
the  calculation  of  core  weight.  The  weight  of  the  blank  header  and  baffle 
may  be  readily  computed  knowing  the  inside  and  outside  core  diameters  and 
respective  thicknesses.  The  number  of  tubes  in  the  core  can  be  established 
from  the  tube  weight,  diameter,  length  and  wall  thickness.  It  is  then  a 
simple  step  to  compute  the  weight  of  the  drilled  headers  and  baffles. 
Simplifying  equations  were  derived  for  weights  of  the  shell,  ducts,  flanges 
and  seals.  Stress  calculations  were  carried  out  to  compute  the  necessary 
sheet  metal  thicknesses  for  pressure  containment  in  the  shells  and  ducts. 
Weights  were  calculated  by  computing  the  developed  lengths  of  the  ducts 
and  their  mean  diameters  in  terms  of  the  tube  length,  bundle  inner  and  out¬ 
er  diameters,  or  some  basic  dimension  fixed  by  the  turbomachinery.  A  sim¬ 
ilar  approach  was  used  in  the  calculation  of  the  flange  and  seal  weights. 
The  following  equations  were  generated  to  give  overall  recuperator  weight 
for  the  four  engine  configurations. 


Engine  Configuration  A-I 

0.0707  W 

Recuperator  weight  =  Vlj  +  0.0392  (Do*-Dj*) - gj- - 


+  0.00327  D  *L  +  0.0393  D.L  +  0.376L 
O  I 

+  0.248  D  -  0.076  DT  +  constant 
o  I 
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Engine  Configuration  A-2 

0.0875  V 

Recuperator  weight  =  W^.  +  0.0467  (Dq2-Dj2)  *  - — - 

+  0.00327  D  lL  +  0.0317  D.L  +  Q.376L 
o  I 

+  0.248  0  -  0.053  DT 
o  I 


Eng? ne  Co n flour a t ion  B - 1 


Recuperator  weight  =  +  0.0583  Dq2  -  0.028  Dj2  - 


0.0707  V, 


+  0.03!  D  L  +  0.0445  D.L  +  0.267  DT 
oil 

+  0.033  D  -  constant 
o 


Engine  Configuration  B-2 


Recuperator  weight  =  +  0.0323  ( Dq2 -D^ 2 )  - 


0.052  V. 


+  0.015  D.L  +  0.44L  +  0.147  D 
I  o 

+0.122  Dj  +  constant 


where  WT  =  total  tube  weight,  lb 

D  =  core  outside  diameter,  in. 
o 

Dj  =  core  inside  diameter,  in. 

L  =  core  length,  in. 
d  =  tube  outer  diameter,  in. 
t  =  tube  wall  thickness,  in. 

All  four  arrangements  have  the  same  basic  turbomachinery  arrangement,  the 
weight  of  which  was  computed  as  126.2  lb.  Then,  using  this  basic  turbo¬ 
machinery  weight  in  conjunction  with  the  above  equations,  the  total  en¬ 
gine  weight  can  be  calculated  for  any  heat  exchanger  selected  from  the 
recuperator  parametric  study  curves. 

RECUPERATOR  COST  DATA 


The  first  objective  in  the  cost  analysis  was  to  develop  detailed  cost  in¬ 
formation  on  the  four  basic  configurations  at  the  reference  engine  effec¬ 
tiveness  and  pressure  loss  of  0.65  and  6  percent  respectively.  The  second 
objective  was  to  develop  cost  scalars  for  configurations  A-l  and  B-2  which 
would  permit  the  generation  of  cost  information  over  a  range  of 
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effectiveness  from  0.4C  to  0.80  and  a  range  of  pressure  loss  from  4  per¬ 
cent  to  iO  percent. 

In  the  first  task,  cost  considerations  were  given  to  the  constituent  parts 
and  the  labor  involved  in  their  assembly.  The  recuperator  may  be  split  in¬ 
to  two  major  assemblies!  the  core  and  the  shell  with  its  associated  duct¬ 
ing  and  structure. 

Recuperator  Core  Cost  Breakdown  (Applicable  to  All  Four  Configurations) 

The  core  can  be  further  split  into  tubes,  headers  and  baffles.  Tube  cost 
data  was  obtained  from  a  number  of  manufacturers  for  a  range  of  diameters 
and  wall  thicknesses  for  several  materials.  The  tube  cost  data  used  in  the 
analysis  is  shown  in  Figure  57.  To  the  basic  cost  of  the  tubing  must  be 
added  the  cost  of  ring-dimpling  where  applicable.  The  cost  is  assessed  on 
a  linear-foot  basis  irrespective  of  tube  diameter,  wall  thickness  or 
material.  Headers  and  baffles  are  considered  together  because  of  their 
similar  configuration.  Basic  sheet  metal  costs  were  used  to  derive  the 
cost  of  the  blank  headers,  to  which  a  charge  was  added  for  blanking  and 
forming  to  the  desired  configuration.  The  major  cost,  however,  is  in  the 
formation  of  the  holes,  which  are  most  economically  produced  by  the  Electric 
Discharge  Machining  (EDM)  process.  This  cost  is  assessed  on  the  number  of 
holes  required  irrespective  of  size  or  spacing.  The  assembly  costs  of  the 
core  can  be  broken  down  into  stacking,  orazing,  and  inspection.  Stacking 
cost  is  assessed  on  the  number  of  tubes  and  baffles  through  which  the  tubes 
must  be  passed,  and  is  irrespective  of  tube  diameter.  Brazing  costs  are 
assessed  on  the  basis  of  core  volume,  as  this  determines  the  number  of  units 
which  may  be  brazea  in  any  given  furnace  load.  Inspection  costs  are  based 
on  the  number  of  parts,  which  in  this  case  is  dominated  by  the  number  of 
tubes. 

Recuperator  Shell  and  Ductii.q  Cost  Breakdown 

The  recuperator  shell  and  ducting  costs  are  assessed  on  the  basis  of 
diameter,  length,  relative  complexity,  and  baric  sheet  metal  costs. 

In  configurations  A-l  and  A-2,  the  compressor  discharge  air  is  ducted  to 
the  recuperator  in  an  outer  annulus.  The  cost  of  these  integral  ducts  is 
assessed  on  the  basis  of  core  length  and  core  outside  diameter,  with  an 
additional  factor  to  cover  their  relative  complexity.  The  turbine  exhaust 
duct  is  assessed  only  on  the  basis  of  core  internal  diameter  (its  length 
for  the  most  part  is  defined  by  the  engine  geometry)  and  relative  complex¬ 
ity.  Various  flanges  and  seals  associated  with  the  recuperator  are  in¬ 
cluded  in  the  duct  cost.  Their  cost  is  assessed  on  their  diameter, 
which  may  be  taken  as  constant  or  may  be  approximated  by  the  core  inside 
or  outside  diameter,  and  their  relative  complexity. 

In  the  second  part  of  the  cost  study,  a  series  of  cost  scalars  was  estab¬ 
lished  for  configurations  A-l  and  B-2  using  the  basic  guidelines  given 
above. 
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Core  Costs  for  Configurations  A-l  and  B-2 
- SL— - 

Tube  cost  =  (a  CT  +  b)  — 

I  at 

C  w 

Header  cost  =  ; — — 

L  at 

d'w 

Stacking  cost  =  : — — 

L  at 

e  w 

Inspection  cost  =  - — — 

L  dt 

Brazing  cost  =  f  LD 

G 

Combining  the  above  equations  gives 

WT  9  WT 

Total  core  cost  =  (a  CT+  b)  —  +  ; — r?  +  f  LO 

l  at  L  dt  o 

where  a,  b,  c,  d’ ,  e,  f,  and  g  are  constants 

C.p  =  tubing  cost  per  foot  for  specific  material 

d  =  tube  diameter 

t  =  tube  wall  thickness 

L  =  core  length 

D  =  core  outside  diameter 
o 

W.p  =  tube  weight 

b.  Duct,  Flange,  Seal  and  Assembly  Costs  for  Configurations  A-l  and  B-2 

Ducts,  flanges,  seals  and  assembly  costs  associated  with  the  core  outside 
diameter  are  given  by: 

A-l  configuration  cost  =  h  D  L 

o 

B-2  configuration  cost  =  i  D 

G 

Ducts,  flanges,  seals  and  assembly  costs  associated  with  the  core  inside 
diameters  are  given  by; 

A-l  configuration  cost  =  j  Dj 

B-2  configuration  cost  =  k  Dj 

where  h,  i,  j  and  k  are  constants 
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p 


I 


core  inside  diameter 


Combining  the  above  equations  gives  the  cost  scalars  used  in  determining 
the  total  recuperator  costs  over  a  range  of  effectiveness  and  pressure 
loss. 


W 

A-l  Conf igurat ion_  ,  +  _I 

Recuperator  Cost  ~  'a  i  '  dt 


g  WT 
L  dt 


+  (f  +  h)  LDq 


+  j 


D 


I 


B-2  Conf igurat ion_  /  _ 
Recuperator  Cost  -  '  ''T 


9«t 

rsr +  fLDo 


+  i  D  +  k  D. 
o  I 


SELECTION  OF  RECUPERATOR  CONFIGURATIONS  FOR  INTERNAL  AND  EXTERNAL 
INSTALLATIONS 


A  survey  of  the  recuperator  parametric  data  was  carried  out  to  identify 
the  surface  geometries  which  gave  minimum  weight  designs  that  were  com¬ 
patible  with  the  turbomachinery.  For  the  most  attractive  surface  geome¬ 
tries,  data  was  taken  from  the  parametric  study  and  replotted  as  shown  for 
configuration  A-l  in  Figure  59.  The  units  selected  are  identified  on  the 
curves  in  this  figure.  A  summary  of  the  designs  selected  for  configura¬ 
tions  A-l  and  A-2  is  given  in  Tables  XIII  and  XIV  respectively  for  the 
range  of  effectiveness  and  pressure  loss  being  considered.  The  total  re¬ 
cuperator  weights  computed  and  the  engine  weights  are  included  in  the 
tables. 

Similarly,  for  the  internal  installation,  data  was  taken  from  the  para¬ 
metric  study  and  replotted  as  shown  for  configuration  B-2  in  Figure  60. 

The  units  selected  are  identified  on  the  curves  in  this  figure.  A  summary 
of  the  designs  selected  for  configurations  B-l  and  B-2  is  shown  in  Tables 
XV  and  XVI  respectively  for  the  range  of  effectiveness  and  pressure  loss 
being  considered. 

To  have  established  designs  that  had  a  common  recuperator  inside  diameter 
would  have  meant  running  an  infinite  number  of  surface  geometry  combina¬ 
tions  in  the  annular  core  recuperator  design  computer  program-  In  the 
tables  of  selected  minimum  weight  solutions,  it  can  be  seen  that  the  inner 
diameters  do  vary;  however,  in  the  choice  of  these  designs,  consideration 
was  given  to  compatibility  with  the  turbomachinery.  All  of  the  solutions 
given  in  the  four  tables  can  be  readily  integrated  with  the  basic  turbo¬ 
machinery  to  give  compact  engine  packages. 

Detailed  cost  analyses  of  the  four  basic  configurations  were  carried  out 
at  the  reference  engine  conditions  The  lowest  recuperator  cost  estimate 
was  for  the  B-2  configuration,  and  using  this  as  a  datum  of  say  100  per¬ 
cent,  the  relative  costs  of  the  other  three  configurations  are  as  follows. 
The  relative  costs  for  configurations  A-l,  A-2,  and  B-l  were  136  percent, 

186  percent,  and  115  percent,  respectively.  For  the  two  installation  types, 
arrangements  A-l  and  B-2  are  the  most  attractive  from  the  standpoint  of 
minimum  cost.  The  cost  scalars  established  from  the  detailed  cost  analyses 
at  the  reference  engine  conditions  were  used  to  generate  the  curves  for 
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TABLE  XIII.  SELECTED  HEAT  EXCHANGER  AND  ENGINE  SIZES  AND  WEIGHTS 
(FOR  ENGINE  CONFIGURATION  A-f)  FO?  RANGE  OF  VARIABLES 


CONSIDERED 

IN  PARAMETRIC  STUDf 

Pressure 

loss 

Effectiveness 

0.80 

0. 75 

0.70 

0.65 

0.60 

0.50 

0.40 

(ap/p) 

Bundle  ID,  In. 

16.^) 

‘  © 
15.2 

(2) 

14.8 

~  (T 

®I6.0 

OD 

o 

© 

I8.0& 

& 

15.3 ' 

Bundle  00,  in. 

24.0 

22.7 

21.1 

21.9 

21 .9 

20.6 

17.9 

Tube  length.  In. 

27.0 

25.0 

24.0 

21.5 

19.5 

19.0 

20.5 

Tube  diameter,  In. 

.075 

.10 

.10 

.10 

.125 

.20 

.20 

Tube  wel^it,  lb 

85.0 

63.0 

43.0 

34.0 

25.0 

15.0 

10.0 

Recuperator  weight,  lb 

177.5 

143.5 

117.0 

101.6 

86.4 

69.7 

58.3 

Engine  weight,  lb 

303.7 

269.7 

243.2 

227.8 

212.6 

195.9 

184.5 

Engine  00,  In. 

26.3 

25.1 

23.7 

24.4 

24.4 

23.2 

20.9 

Enalne  OV  lenoth.  In. 

.-*0*5 

39.0 

"1 

1 

^  A  _ 

33.0 

32.5 

_2**2 _ 

Bundle  ID,  In. 

Bundle  00  ,  in. 

Tube  length, in. 

Tube  dfeaeter,  in. 
Tube  weigh, lb. 
Recuperator  weight, lb. 
Engine  weight, lb. 
Engine  OD,  in. 

Engine  OV  length, in. 
Bundle  ID, in. 

Bundle  00, in. 

Tube  length ,  in. 

Tube  diameter , in. 

Tube  weight, lb. 
Recuperator  weight, lb. 
Engine  weight , lb. 
Engine  OD, in. 

Engine  OV  length, jn. 


Bundle  ID, ;n. 

Bundle  00, in. 

Tube  lengthen. 

Tube  diameter, in. 

Tube  weight  ,  lb. 
Recuperator  weight,  lb. 
Engine  weight ,  lb. 

Eng  I ne  00 , i n . 

Engine  OV  length  ,  in. 


15.5® 
22.1 
22.0 
.075 
71.0 
1 38.  V 
265.1 
24.6 
35.5 
!4.^ 


216.2  202.8 
23.3  23.45 

31.0  29.90 

17. 5^*16. 4  fr) 


►  I4.6<D 
18.8 
17.0 
.10 
22.0 
66.2 
192.4 
21.7 
30.6 
14.5** 


20.6 

20.6 

22.2 

20.3 

18.9 

21.5 

16.2 

13.7 

14.5 

14.5 

.075 

.075 

.075 

.075 

.10 

61.0 

45.0 

31.0 

24.0 

19.0 

121.4 

92.9 

77.5 

66.6 

58.5 

247.6 

219.1 

203.7 

192.8 

184.7 

23.2 

23.2 

24.7 

23.0 

21.8 

35.0 

29.9^ 

28.7_ 

28.7 

28.7 

16.4** 

19.7 
13.0 
.10 
13.0 
52  3 

178.5 

22.5 

28.7 
!5.0^~ 
18.45 
12.0 
.10 

11.5 
46.1 
172.3 
21.4 
28.7 


I6.7*£ 

18.0 

14.5 

.20 

8.5 
44.0 

170.2 

21.0 

28.7  | 
17. 063~j 

19.2  | 

11.5 
.125 
7.0 

39.5 

166.7 

22.0 

28.7 


162 


k 


C.  125 
SS  240100 
0.02  0.04 


aigniawaBiisagwaaiwi 
■ss^Kgsssmiass^aBi 


0.150 
$•  170100 


laiiBfaffii 

BS9U 

■»iaia>a 

■j»«:9i’*i 


.  J.  4-Tr’.?1’ 


■■aKSHRMBCnfl  . 

■CCliRRBBBRBRetRRKnRSRSIKa 


m\ 

>fc 

ai 

E 

ii 

L 

ft 

u- 

lOt 

Lj 

7“ 

L_ 

t 

t-1 

$ 

i- 

}i*r 

r1'  : 

m 

; 

— 

>•4 

X. 

Ii 

t 

X 

■ 

J_L1 

17V 

;J7 

a  « 

^ _ J 

»sj 

'lot 

•jl! 

lot 

. 

:  j 

'.j 

■ 

:  .1 

V.  • 

•;  '| 

!'  • 

• ' ” 

••  |j 

1 

j 

a 

[  4|': 

T-: 

:  6t 

:  w  ■ 

* 

TTa 

"IT 

r 

;« ; 

✓ 

r8t 

•O'-- 

-- 

/ 

s 

,8t_ 

£ 

jot 

< 

2 

s 

V* 

j 

o» 

J 

* 

5ba 

t* 

*s 

s 

s 

| 

r.6t  - 

,  ■ 

P 

r4- 

1 

bf 

S 

is 

J 

i«8 

ip 

ii 

Pi 

| 

§P 

'g 

L* 

0.20 

SI  170100 


0.00  004 


-4— 

..  L  . : _ 

-r1  _ 

d6ti__ 

t  __ 

-- 

_ r _ 

:-  ;§i: !: 

-  —4 

#  Rafarancad  angina 
daslgn  point  data. 

A  Nuabarad  units  rapra- 
3  sant  tnoM  salactad 
from  survay  ovar  tha 
coaplata  ranga  of 
effactlvanass  and 
prassura  loss  balng 
Stud lad. 

Thasa  salactad. 
dasigns  ara  sua- 
aarlzad  in  tabla 
Tub*  walght  basad  on 
wall  thlcknav*  of  0.00k 


mm 


fi8  14  16  18  16  16  18  14  16  18  14  16  18  14  16  18  14  )6  18  14  16  18 


India  IP,  In. 


Racuparator  cora  bundla  IQ,  In. 


R.cup«r«tor  •ff*ctlv«Mts  <  Ccr.  bu„<.l.  00,  I,.  Tub.  . .  Tub.  -I*.  ,,b 


Tub*  outside 
diene ter  Ins. 


OiitiUa  MrfKa  _ 
rafirwtM 


SI  170100  SI  240100 


®l*»l*  frmm ter 


IIIIIIIIMIIIIIIgWIlillfllll 

bbbbbb9Bbbbbb£<ibbbi2*bbiXbcbbC5 


»B«si!PSsaa»i| 
PHHIiUggEsaMRMimnnl 

---------  -  -  JHIPMiiiiRESsaRaKaewMnwl 

BaBm^agBaBag— ■■igaaMBasBBiaigigBaaiaigBaggggiigaBBBMaBil 

MHHMMMmBgBBiaiiiBIBJEgBHBfMflgHBiianSiSgBilBBtfBBflBflBBWl 

■SSSSSM£aM3iSSaS»ga£aa£SaiS5SSM5S&5SSJ 


'BBBflBflBBBBBBflBBBBBBBBBBBBBiBSaliaiB&iilillBiHgaflBBBBBBBBngBaaHgBaii  ;  1 
HflBfiBaaBBBBBBBflBflaaBBBHaflBg«BB!MBHaaiBBBBflBBBHBBM|flBBBSgggagl£eaH 
«BHaBanBiaB^HBBaaflBaa|aaaBaanagaaHganjHflBiiiaauHBMBaBasnsgHBii 

BBaagBaitibB 


BBBBBBBi»9B 


■Baaiaia 

ijiiBBiBBBBBBBBBBIlgBBBBBBBBBPBBBBBBBBBBBBBBlI 
|Bfl'IMBBBBBfllb''BBBBBtb*flflBflBBBiBBBBflBBBBBBBflflt 
rBBB^aBBBgBB^  I  'BaMnjBflflgaBBBBBBBgBBBBflin 
KlBBBIIii:?iM|MflkSSlh9aBmsgaBpHBBBBflaiBBflBB|| 
■pgflflBgBBn^=gflRl?flk2!a|HBi>£ragBSPBiM>£Sg« 

.  ■BiiBBaBBBBaSB*SSSSi§SjS3S@asaBMKBH*gBl«'iw 
■BBBBBBBBBBBBBBBBflBBBgBBaBBBg<naBagaagHaBBH8BBaHin^ 
■BQi3aSJai^^BBBMBBBflBBBBBBBBBBiBBKBBflBBBBBBBB8SBBBBB| 
piiBBBflBflBBiBBBflflBflBBBBBBBBBIHBiBBiKBBBBaBIBBBHBMBS 
iBBBBBBBBBBBBBBBBBBBBBBBBBBBBigBBBBiiiaBaBBBiBaBHBBiN 
.  .  -  .  ■BBflBBaBgBBBBBfflfliBBflBBflBBflBlBBaiiiiiliiminiflBlBBlMH 

BBBBBBBBBBBBWBggCPBBBBv^  I  -  . 

Biisl«Bflii^%iRBg*olBiii9»CBBfln3 


BBBBBBI 

BBBBBBI 


ISSfll 

BlBBBBBflBBBflBBBgBBBBBBBBM 
■BBBBB?*BBBBB>igBBBBBBBBBBl; 

BBBBBBBBSSIBiflBBg  '  ■  ■  ■ 

BBBBSaSBBaSy|flBBfllE3BBBiS5BBg 

BBBBgBBiBBBBBBflflflBBBBBBflBBiH  . 

BBaaggBBBBlIBBBBBBBBBBBBBBBI  ^  -  v 

inilgllilHHHMHjHHHHHI 

HHBB'ciBHB 


m«»BflaaiB«Bi 

gaiMipiBBBHq 

BBHBB|flVB 

~  S 


BiuinMMMium 


.  KBBBflSBBBBB8BBBBBgS9 

-  ■BBBiBiflBBBBBflBBaBBBBflflBBBBBBBHaBHBHBaBiBIHBiiliiiii 
"’‘VBBBBBBBBBBBBBBBBBBBBflBBMIBBBBBBBBBBBBBBBBBBBBBBBBBBBBlBaBBflHflilBnl 
M|gflBBBBBaaafliBBflBBflflig:aiKiSBflflgflBBBBaBgnBBgfliaflflBaflBflBBBBHnHBH|!Biji| 
IflBiiiBBiffLSHgngOISaflflpiiBBaiBflBflBBfliBBBBi'cEMHflHnflBBBBBHBBBgfliiiM 

. ,  ~  *  jj»^BawaiBiBg>- > 


■■■bbb«bbI 

*9amwm*z'tu\ 

saieBaBBBaflM .  .  . . - 

gBBBBBBBK»r&&iK265e5£5E33flBBiiiB»s&5i55eIS59 

EmmmmmmzKtlrSr'zmmiEizkimmMmmmmammzeimmmmi&iMammi 
BBaflBB^^aiiflBSaBBflgflBBBBflflBBflilBBBBflMBBBBR: 
BBBBBBBUBBBflSiBgiBBBiBBBflBflflBBfliflBBflBlBBBHIi 
BflBflBBBBBBBBflglflBBflflflflBBflBBBBflflflflBBfl|iiW 

:sKs:si»smss»ssKsa 

IBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBI 
HBBBBBBBBBHiBflBBBBflflBBflBHHBiiiBaM 
MBBBBBBBMBBBBBBBBBBBBBBB 

ISiHHI 


"hESSS”! 


BBBBBB7BHBHIH 

BBBBBB!»£!iraSsni  - . 

■■BiBafcJiatoBfcgggUBi  s 


MBBBBBggfcarrBBBt'  - 

BBBBBBBBCIBMMBBBBBBB 

■BBBBBBBBB&3BBBBBBBB 


lb  ib  18  lb  lb  IS  lb  lb  18  lb  lb  18  lb  lb  18  lb  lb  18  lb  lb  18  lb  lb  18  lb  lb  18  lb  'b  18  lb  lb  IB  lb  lb  18 


Tub*  bundle  lns!d«  dlenetsr  0.,lr. 


Figure  60.  Summary  of  Recuperator  Surface  Geometries 
for  Configuration  B-2. 
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TABLE  XIV.  SELECTS)  HEAT  EXCHANGER  AND  ENGINE  SIZES  AND  WEIGHTS 
(FOR  ENGINE  CONFIGURATION  A-2)  FOR  RANGE  OF  VARIABLES 
CONSIDERED  IN  PARAMETRIC  STUDY 


Pressure 

Effect  1 veness 

Loss 

0.80 

0.75 

0.70 

0.65 

0.60 

0.50 

0.40 

(AP/P) 

Bundle  ID,  In. 

16.0 

15.5 

16.5 

16.0 

15.0 

15.0 

16.0 

=  4* 

Bundle  OD,  in. 

24.  „ 

24.0 

25.0 

23.0 

21.0 

18.0 

19.0 

Tube  length,  in. 

30.0 

*0,0 

22.0 

20.5 

2i  .5 

15.0 

16.0 

Tube  diameter,  in. 

0.0  V5 

0.10 

0.125 

0.125 

0.15 

0.125 

0.15 

Tube  weight,  lb 

142.0 

94.0 

67.0 

47.0 

37.0 

22.0 

14.0 

Recuperator  weight,  lb 

23V. 5 

183.2 

151.5 

1  16.6 

99.9 

57.9 

55.3 

Engine  weight,  1b 

365.7 

309.4 

277.7 

242.8 

226.1 

184.1 

181 .5 

Engine  OD,  in. 

26. 35 

26.4 

27.3 

25.5 

23.7 

21.1 

21.9 

Engine  OV  iength,  In. 

44.0 

40.0 

36.0 

34.5 

35.5 

29.0 

30.0 

(ap/p) 

Bundle  ID , in. 

15.5 

19.0 

17,0 

17.18* 

15.0 

16.0 

15.0 

=6* 

Bundle  OD, in. 

24.0 

25.5 

22.0 

22.50 

19.5 

19.5 

18.0 

Tube  length, in. 

23.5 

18.5 

18.0 

16.18 

17.0 

14.0 

14.0 

Tube  diameter, jn. 

.075 

.075 

.075 

.10 

.125 

.10 

.15 

Tube  weight, lb 

1 1 0.0 

74.0 

50. C 

37.59 

30.0 

18.0 

1 1.0 

Recuperator  weight,  lb 

190.0 

145.6 

1  15.4 

91.76 

75.8 

56.5 

47.6 

Engine  weight, 1b 

316.2 

271.8 

241.6 

217.96 

201.0 

182.7 

173.8 

Engine  OD, in. 

26.4 

27.8 

24.6 

25.00 

22.4 

22.4 

21.1 

Engine  OV  iength, in. 

37.5 

32.5 

32.0 

30.18 

31.0 

28.5 

28.5 

U?/P) 

Bundle  ID, in. 

15.3 

18.5 

18.5 

17.5 

16.5 

15.3 

15.5 

=  8$ 

Bundle  OD , in. 

24.0 

22.0 

23.5 

22.5 

21.0 

19.5 

18.0 

Tube  lengthen. 

19.7 

18.5 

14.5 

15.0 

14.0 

12.0 

11.5 

Tube  diameter, ' n. 

.075 

.075 

.075 

.  10 

.10 

.125 

.  15 

Tube  weight , !b 

97.1 

64.0 

44.0 

34.0 

24.0 

15.0 

9.0 

Recuperator  weight ,  lb 

166.5 

121.3 

95.3 

85.1 

67.4 

50.3 

38,2 

Engine  weight , lb 

292.7 

247.5 

221.5 

211.3 

193.6 

176.5 

164.4 

Engine  OD , in. 

26.4 

24.6 

25.9 

25.0 

23.7 

22.4 

21.1 

Engine  OV  iength, in. 

33.7 

32.5 

28.5 

29.0 

28.5 

28.5 

28,5 

(AP/P) 

Bundle  ID, in. 

15.5 

19.0 

16.5 

13.0 

15.5 

=  lOffc 

Bundle  OD , in. 

21.0 

23.0 

20.0 

20.0 

17.5 

Tube  lengthen. 

No 

No 

15.0 

12.5 

13.0 

1 1.0 

10.5 

Tube  diameter ,  in. 

Solu- 

Solu- 

.075 

.075 

.075 

,075 

.  10 

tion 

tlon 

Tube  weight ,  lb 

40.0 

28.0 

22.0 

13.0 

8.0 

Recuperator  weight,  lb 

85.3 

71.8 

58.7 

44.2 

33.6 

Engine  weight,  1b 

211.5 

198.0 

184.9 

170.4 

159.8 

Engine  DO, in. 

23.7 

25.5 

22.8 

22.8 

20.6 

Engine  OV  length, in. 

29.0 

28.5 

28.5 

28.5 

28.5 

•Reference  engine  conditions. 
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TABLE  XV.  SELECTED  HEAT  EXCHANGER  AND  ENGINE  SIZES  AND  WEIGHTS 
(FOR  ENGINE  CONFIGURATION  B-l )  FOR  RANGE  OF  VARIABLES 
CONSIDERED  IN  PARAHETRIC  STUDY 


Pressure 

Loss 

Effectiveness 

0.60 

0.75 

0.70 

0.65 

0.60 

0.50 

0.40 

(&P/P) 

Bundle  10,  in. 

16.5 

15.5 

17.0 

18.0 

18.0 

18.0 

19.5 

=  4* 

Bundle  00,  in. 

24.0 

23.0 

22.0 

22.0 

22.0 

21.0 

21.5 

Tube  length,  in. 

27.0 

14.5 

22.5 

20.5 

19.5 

17.5 

1  4.0 

Tube  diameter,  In. 

.075 

.10 

.10 

.10 

.125 

.15 

.15 

Tube  weight,  lb 

85. 0 

62.0 

45.0 

34.0 

24.0 

,6.0 

10.0 

Recuperator  weight,  lb 

150.7 

105.9 

98.8 

85.4 

74.4 

60.6 

51  .6 

Engine  weight,  lb 

276.9 

232. 1 

225.0 

21  1  .6 

200.6 

166.6 

177.8 

Engi ne  00,  in. 

27.10 

26.2 

25.4 

25.4 

25.4 

24.5 

24.9 

Engine  OV  length,  i n. 

42.5 

30.0 

38.0 

36.0 

35.0 

33.0 

29.5 

(Ap/p) 

Bundle,  10,  in. 

17.5 

16.7 

16.0 

18.15* 

16.5 

16.5 

17.0 

=  6$ 

8und1e  00,  in- 

23.5 

23.5 

21.5 

22.15 

20.0 

19.0 

19.0 

Tube  length,  in. 

21.5 

19.5 

19.0 

15.45 

16.0 

16.0 

14.5 

Tube  diameter ,  in. 

.075 

.10 

.125 

.10 

.10 

.20 

.15 

Tube  weight ,  1 b 

67.  C 

46. 0 

35.0 

25,29 

21.0 

12.0 

9.0 

Recuperator  wei ght ,  lb 

125.0 

102.2 

82.5 

69.7 

6C.  1 

49.  0 

44.5 

Engine  weight ,  lb 

251.2 

228.4 

208.7 

195.9 

186.3 

175.2 

170.7 

Engine  00 ,  in- 

26,6 

26.7 

24.9 

25.5 

23.6 

22.8 

22.3 

Engine  OV  length  ,  in. 

37.0 

35.  U 

34.5 

30.95 

31.0 

31.0 

30.0 

(Ap/P) 

Bundle  ID ,  in. 

16.0 

16.0 

17.5 

17.0 

16.5 

16.5 

16.0 

=  8* 

Bundle  00 ,  in- 

20.5 

22.5 

22.0 

19.5 

20.0 

19.5 

18.5 

Tube  length,  in. 

18.0 

17.5 

13.5 

15.5 

13.5 

12.0 

10.5 

Tube  diameter,  in. 

.075 

.075 

.075 

.075 

.  10 

.  15 

.15 

rube  weight, 

64.0 

43.0 

31.0 

24.0 

17.0 

1  !  .0 

7.0 

Recuperator  weight ,  1° 

104.6 

90.2 

71.1 

60.5 

52.8 

43.8 

35.4 

Engine  weight ,  lb 

230.8 

216.4 

197.3 

186.7 

179.0 

170.0 

161  .6 

Engine  00 ,  in. 

24.10 

25.8 

25.4 

23.3 

23.6 

23.3 

22.4 

Engine  OV  length,  in- 

33.5 

33.0 

29.5 

31 .0 

29.5 

29.5 

29.5 

(Ap/p) 

Bundle  10  ,  in. 

15.5 

14.0 

16.5 

16.0 

18.0 

17.0 

17.5 

=  10% 

Bundle  00  ,  in. 

21.5 

19.0 

20.5 

19.0 

22.0 

19.0 

19.0 

Tub:;  length  ’  'n- 

16.5 

18.5 

14.5 

16.5 

1  1.0 

13.0 

1  1.0 

Tube  diameter  ,  in- 

.075 

.075 

.075 

.075 

.10 

.15 

.15 

Tube  weight  >  '  b 

56.0 

40.0 

27.0 

20.0 

14.0 

9.0 

6.0 

Recuperator  weight  *  *b 

100.9 

7  7.9 

64.7 

56.6 

51.5 

41.9 

36.2 

Engine  weight  ’  1  b 

227.1 

204.  1 

190.9 

182.8 

177.7 

168. 1 

162.4 

Engine  00  ,  in. 

24.9 

22. 8 

24.1 

22.3 

25.4 

22.8 

22.8 

Engine  OV  length  ,  in. 

34.0 

34.0 

30.0 

32.0 

29.5 

29.5 

29.5 

•Reference  engine  conditions 


TAOLE  XVI.  SELECTED  HEAT  EXCHANGER  AND  ENGINE  SIZES  AND  WEIGHTS 
(FOX  ENGINE  CONFIGURATION  B-2)  FOR  RANGE  OF  VARIABLES 
CONSIDERED  IN  PARAMETRIC  STUDY 


Pressure 

toss 

Effectiveness 

0.80 

0.75 

0.70 

0.65 

0.60 

0,50 

0.40 

(aP/P) 

Bundle  IS,  In. 

16. 01 

14.7* 

!4.5* 

I5.0C 

I4.0P 

14. 0n 

17.3s’ 

*  *i 

Bundle  00,  In. 

23.0 

24.6 

20.  * 

21.5 

19.0 

18.5 

21.2 

Tube  length,  in. 

18.3 

13.8 

16.0 

13,2 

14.0 

11.7 

8.8 

Tube  dieaeter,  in. 

.10 

.10 

.125 

.125 

.15 

.20 

.20 

Tube  weight,  lb 

96.0 

63. C 

45.0 

33.0 

26.0 

15.0 

9.0 

Recuperator  weight,  lb 

122.1 

91.7 

69.8 

57.6 

48.3 

35.4 

25.8 

Engl ne  weight,  lb 

268. 3 

217.9 

196.0 

!  83.6 

174.5 

161.6 

152.0 

Engine  00,  in. 

23.2 

24.  t 

20.6 

21.7 

19.2 

18.7 

21.4 

Engine  OV  length,  in. 

28. 

30.5 

28.5 

28.5 

28.5 

28.5 

(AP/P) 

Bundle  10,  in. 

15.0* 

1 4. 

! 5.5  • 

14. 36'** 

14.0" 

14.5" 

14.0" 

=  6< 

bundle  00,  in. 

21.9 

20.7 

19.7 

18.86 

18.0 

19.1 

16.7 

Tube  length,  in. 

16.5 

14.7 

12.5 

12.22 

10.2 

9.0 

9.5 

Tube  diameter,  in. 

.10 

.10 

.10 

0.125 

.125 

.15 

.20 

Tube  weight,  lb 

65.0 

52.0 

37.0 

26.9 

20.0 

12.5 

8.0 

Recuperator  welj^it,  lb 

93.6 

75.6 

58.0 

47.4 

39.0 

29.5 

24.0 

Engine  weight,  lb 

219.6 

201.8 

IS4.2 

173.6 

165.2 

155.7 

150.2 

Engine  00,  jn. 

22.1 

20.9 

19.9 

19.04 

18.2 

19.3 

16.9 

Enqlne  OV  lenqth.  in. 

29.0 

29.2 

28.5 

29.50 

28.5 

28.5 

28.5 

(AP/P) 

Bundle  10 ,  in. 

16. C3 

15.  o’ 

14.0" 

14.0  15 

14.0  " 

14.5” 

14.0" 

=  8  $ 

Bundle  00,  in. 

23.2 

20.5 

18.8 

18.0 

•9.7 

17.3 

■  8.4 

Tube  length,  in. 

12.5 

12,0 

1 2.0 

11.5 

8.0 

8.2 

7.0 

Tube  diameter,  in. 

.10 

.10 

.10 

.10 

.10 

.125 

.15 

Tube  weight,  lb 

62.0 

45.0 

33.0 

24.0 

18.0 

M.O 

7.0 

Recuperator  weight ,  lb 

86.6 

67.2 

52.9 

42.9 

36.8 

27.0 

23.1 

Engine  weight ,  !b 

212.6 

193.4 

179.1 

169.1 

163.0 

153.2 

147.3 

Engine  00  ,  in 

23.4 

20.7 

19.0 

18.2 

19.9 

17.5 

18.6 

Engine  OV  length,  in. 

28.5 

28.5 

28.5 

28.5 

28.5 

28.5 

28.5 

(AP/P) 

Bundle  70  ,  in. 

I6.04 

17.0* 

1 5. 2* 1 

15.5" 

S5.5:6 

14.75s* 

14.5  ** 

=  10% 

Bundle  OD  ,  in. 

20.7 

22.4 

19.7 

20.2 

19.3 

17.2 

18.4 

Tube  length,  in- 

12.0 

9.0 

9.8 

8,6 

8.0 

8.0 

5.6 

Tube  diameter,  in. 

.10 

.10 

.10 

.125 

.10 

.125 

.15 

Tube  weight ,  lb 

56.0 

37.0 

c6.0 

20.0 

15.0 

9,7 

6.0 

Recuperator  weight  ,  lb 

77.6 

58.2 

45.0 

39.1 

32.4 

25.3 

21.5 

Engine  weight  ,  lb 

203.8 

186.4 

171.2 

165.3 

158.6 

151.5 

147.7 

Engine  00  ,  in. 

20.9 

22.6 

19.9 

20.4 

19.5 

17.4 

19.6 

Engine  OV  length  ■  in. 

28.5 

28.5 

28.5 

28.5 

28.5 

28.5 

28.5 

*  Reference  engine  conditions. 

CD  Unit  numbers  referred  to  in  Figure  6  0. 
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recuperator  and  engine  cost  over  a  range  of  effectiveness  and  pressure  loss, 
and  these  are  shown  in  the  sensitivity  curve  arrays.  A  comparison  of  heat 
transfer  and  weight  data  for  the  four  configurations  at  the  reference  engine 
conditions  is  given  in  Table  XVII. 

In  comparing  the  two  external  installations,  it  can  be  seen  from  the  tables 
that  configuration  A-l  is  more  attractive  from  the  standpoint  of  minimum 
engine  weight  and  also  has  a  slightly  smaller  package  envelope.  Similarly, 
for  the  internal  installations,  configuration  B-2  has  the  smallest  weight 
and  package  size.  This  trend  for  both  these  configurations  exists  over  the 
range  of  effectiveness  and  pressure  loss  examined.  The  weight  scalars, 
established  from  a  detailed  weight  analysis  at  the  reference  engine  condi¬ 
tions,  were  used  to  generate  the  curves  for  recuperator  and  engine  weight 
shown  in  the  sensitivity  study. 

From  the  thermal,  weight,  and  cost  analyses,  it  is  concluded  that  arrange¬ 
ments  A-l  and  B-2  are  the  most  attractive  from  the  standpoints  of  minimum 
weight  and  cost.  The  effects  of  small  changes  in  any  one  of  the  design 
variables  for  these  two  flow  configurations  have  been  analyzed  in  the  sen¬ 
sitivity  study. 

All  of  the  tube  weights  quoted  in  the  recuperator  parametric  study  are 
based  on  a  tube  wall  thickness  of  0.004  in.  since  this  represents  the  mini¬ 
mum  value  being  used  in  current  high  performance  lightweight  tubular  recu¬ 
perators.  The  wor.*  outlined  in  Reference  4  indicates  that  tube  walls  as 
thin  as  0.0035  in.  can  withstand  the  sevenf  hot  corrosive  environment 
associated  with  the  gas  turbine  exhaust.  The  effects  of  recuperator  tube 
wall  thickness  on  overall  engine  weight  ere  shown  on  Figures  61  and  62  for 
engine  configurations  A-l  and  B-2,  respectively.  At  the  reference  engine 
conditions,  the  utilization  of  the  thinner  tube  wall  results  in  an  overall 
engine  weight  savings  of  only  3  pounds.  The  cost  of  the  recuperator  would 
increase  by  3  percent,  showing  up  as  a  less  than  I  percent  increase  in  over¬ 
all  engine  cost.  There  is  little  incentive  in  using  wall  thicknesses 
greater  than  0.004  in.  since  this  results  in  a  weight  penalty  without  a 
decrease  in  cost.  From  the  tube  material  cost  curves  on  Figure  57,  it  can 
be  seen  that  for  diameters  of  less  than  0.15  in.  (most  of  the  minimum  weight 
solutions  were  for  diameters  smaller  than  this  value),  the  tube  cost  for 
the  0.005  and  0.006  in.  walls  is  the  same  as  that  for  the  0.004  in.  walls. 

In  the  analysis  and  designs  discussed  so  far,  no  reference  has  been  made 
to  the  engine  final  exhaust  system.  None  of  the  engine  weight  figures 
includes  the  weight  of  the  final  exhaust  ducting,  since  the  exact  shape 
and  size,  etc.,  is  very  much  dependent  on  the  engine  installation  for  a 
particular  application.  A  curve  relating  exhaust  duct  size  with  exhaust 
gas  velocity  and  velocity  head  for  a  range  of  recuperator  effectiveness  is 
shown  in  Figure  63.  Because  of  the  low  gas  side  pressure  loss  allowable, 
there  is  a  big  incentive  in  the  recuperative  gas  turbine  to  keep  the 
exhaust  gas  velocities  as  low  as  possible.  For  the  5  Ib/sec  mass  flow 
recuperative  engine  under  consideration,  a  final  exhaust  duct  diameter 


TABLE  XVII.  COMPARISON  OF  FOUR  RECUPERATIVE  ENGINE  CONFIGURATIONS 
AT  THE  REFER  DICE  ENGINE  CONDITIONS 


Instal lation  Type 

External 

Internal 

Conf i gurat ion 

A- 1  A- 2 

B-l  B-2 

Tube  bundle  ID,  in. 

15.83 

17.18 

18.15 

14.36 

Tube  bundle  00,  in. 

20,83 

22.50 

22.15 

i  8. 86 

Tube  length,  in. 

16.20 

16.18 

15.45 

12.22 

Number  of  tubes 

4800 

6656 

4690 

5004 

Tube  diameter,  in. 

.10 

.  10 

.10 

.125 

Dimple  parameter,  y 

0.04 

0.06 

0.04 

0.02 

Outside  surface  geometry 

S6300I00 

IB200 1 25 

SB2 70100 

SBI50I00 

Surface  compactness,  ft2/ft2 
(  G  inside  tubes,  lb/sec-ft2 

241 .0 

289.0 

268.0 

389.0 

21.65 

15.46 

21.89 

25.43 

Reynolds  number  inside 

6808.0 

4964.0 

6867.0 

9955.0 

hA  inside,  Btu/hr-°F 

21 ,495 

31,363 

20,815 

1 7, 790 

G  outside  tubes,  lb/sec-ft2 

2.91 

4.284 

2.92 

3.39 

Reynolds  number  outside 

2108.0 

2461.0 

1787.0 

936.0 

hA  outside,  Btu/hr-°F 

12,729 

10,472 

13,138 

1 4, 395 

hAT/hA 

I  o 

1.69 

2.99 

1  .59 

1.24 

Core  volume,  ft3 

1.35 

1  .55 

1.13 

0.83 

Tube  weight,  lb 

27.14 

37.59 

25.29 

26.90 

Recuperator  weight,  lb 

76.63 

91.76 

69.70 

47.40 

Engine  weight,  lb 

202.8 

217.96 

195.9 

173.6 

Engine  overal 1  diameter,  in. 

23.45 

25.00 

25.50 

19.04 

Engine  overa 1 1  length,  in. 

29.90 

30.18 

30.95 

28.50 

Recuperator  cost,  percent 

136.0 

186.0 

115.0 

iOO.O 

Engine  cost,  percent 

108.0 

119.5 

103.5 

100.0 

Th«  curvet  have  bee.«  drawn  to 
thet  corretpondlng  point i  on  tad 
curve  can  be  connected  et  thown 
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Exhaust  gas  vel  oc  i  ty,  f  t/see  Duct  velocity  headjpsl 


in  the  order  of  15  to  <6  in.  would  result  in  exhaust  gas  velocities  of 
140-120  ft/sec  at  the  reference  engine  conditions.  Equivalent  fiow  areas 
could  be  used  to  give  exhaust  duct  geometries  that  are  compatible  with 
the  engine  and  installation.  An  exhaust  duct  system  considered  for  the 
A-l  engine  is  shown  in  Figure  64.  In  this  system,  the  gas  leaving  the 
annulus  at  the  recuperator  exit  is  collected  in  a  type  of  volute  and 
directed  to  the  final  exit  plane  which  is  shown  as  a  simple  rectangular 
duct.  An  isometric  view  of  the  A-l  configuration  showing  the  simplicity 
of  the  overall  engine  and  exhaust  system  is  shown  in  Figure  65.  For  the 
internal  installation,  the  exhaust  geometry  is  much  dependent  on  the  engine 
location  within  the  airframe.  Essentially,  the  exhaust  gas  must  be  col¬ 
lected  in  an  annular  scroll  from  the  recuperator  exit  and  ducted  to  the 
final  exhaust  plane.  An  exhaust  duct  system  considered  for  the  B-2  engine 
is  shown  in  Figure  66.  An  isometric  view  of  the  B-2  configuration  showing 
the  simplicity  of  the  overall  engine  and  exhaust  system  is  shown  in  Figure 
67.  With  a  nonrecuperated  engine,  there  is  no  exhaust  back  pressure 
from  the  heat  exchanger,  and  much  higher  exhaust  gas  velocities  are  in 
order;  by  careful  design  of  the  exhaust  system,  additional  benefits  in 
thrust  and  hence  overall  fuel  consumption  can  be  realized.  To  complete 
the  picture,  a  very  simple  exhaust  system  is  shown  for  the  nonrecuperative 
engine  in  Figure  68. 

In  the  design  of  the  recuperative  engines,  considerable  thought  was  given 
to  the  complete  integration  of  the  heat  exchanger  and  the  turbomachinery 
structures  to  give  a  compact,  I i ghtwei ght  design.  The  A-l  and  B-2  engines 
are  of  essentially  modular  construction  and  can  be  disassembled  very 
quickly  for  routine  inspection  or  maintenance.  The  basic  modular  concept 
for  engines  A-l  and  B-2  is  illustrated  in  the  exploded  views  shown  in 
Figures  69  and  70  respectively.  By  removal  of  the  bolts  from  flange  A, 
the  engine  is  split  into  the  two  basic  gas-generator  and  power  turbine 
modules.  Using  the  same  tool,  the  bolts  can  be  removed  from  flange  B,  and 
after  removing  the  end  cap  from  the  bearing  housing  at  C,  the  complete 
recuperator  assembly  can  be  removed  from  the  power  turbine  section,  this 
giving  the  three  basic  assemblies  shown  in  the  figures.  Using  one  simple 
double-ended  tool,  the  engine  can  be  disassembled  into  the  three  basic 
elements  in  just  a  few  minuter. 
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gure  64.  View  of  Engine  Configuration  A- 
Showing  Exhaust  Duct  System. 
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Gas  generator  section 


Power  turbine  section 
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Figure  69. 


View  Showing  Modular  Construction  of 
Engine  Configuration  A-l. 


Gas  generator  section 


Power  turbine  s 


Figure  70.  View  Showing  Modular  Construction  of 
Engine  Configuration  B-2. 
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SENSITIVITY  STUDY 


VARIABLES  CONSIDERED 


In  the  previous  section, it  was  es.ablished  that  engine  configurations  A-l 
and  B-2  were  the  most  attractive  from  the  standpoints  of  minimum  weight 
and  cost  for  the  external  and  .nternal  installations,  respectively. 

The  sensitivity  study  is  aimed  at  establishing  a  series  of  curve  arrays  for 
engine  configurations  A-l  and  B-2  in  which  the  following  variable'-  will  be 
shown  in  a  related  manner: 

Recuperator  effectiveness 
Recjperator  nressure  loss 
Recuperator  weight 
Recuperator  cost 
Specific  fuel  consumption 
Speci f ic  power 
Engi  ne  wei  ght 
Engine  cost 

Fuel  savings  compared  with  nonrecuperat i ve  engine 
Mission  time 

The  curve  arrays  are  presented  in  such  a  manner  that  the  effect  of  a  small 
change  in  any  one  of  the  variables  on  the  overall  system  can  be  readily 
seen  and  evaluated. 

To  enable  a  meaningful  performance  and  weight  comparison  to  be  made  between 
the  nonrecuperated  and  recuperated  engines,  simple  scaling  factors  were 
generated.  Both  cycles  initially  had  the  same  air  through-flow  and  com¬ 
ponent  performance.  However,  the  power  produced  by  the  recuperated  engine 
was  approximately  6  percent  less  than  that  of  the  nonrecuperated  engine 
cycle  because  of  the  pressure  loss  in  the  recuperator.  A  series  of  in¬ 
fluence  coefficients  was  generated,  such  that  the  through-flow  and  com¬ 
ponent  performance  of  the  nonrecuperated  engine  cycle  could  be  adjusted  so 
that  the  output  power  of  the  nonrecuperated  engine  would  correspond  to  the 
output  power  of  the  referenced  recuperated  engine.  The  weight  and  SFC  of 
the  scaled  engine  were  also  determined,  and  the  results  are  shown  in  Table 
XVIII. 
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TABLE  XVIII.  COMPARISON  OF  NONRECUPERATIVE  AND 
RECUPERATIVE  ENGINE  DATA 


Engine 

Conf i guration 

Reference 

Recuperated  Cycle 
e  =  .65,  (AP/P)  =  6$ 

A- 1  3-2 

Nonrecuperated  Cycle 

Initial  Scaled 

Airflow,  Ib/ser 

5.0 

5.0 

5.0 

4.71 

Shaft  horsepower 

962.7 

962.7 

1028.3 

962.7 

SFC,  lb/hp  hr 

0.365 

0.3'5 

0.464 

0.4663 

Specific  power, 
hp/lb/sec 

192.54 

192.54 

205.66 

204.39 

Engine  weight,  lb 

1 - 

202.8 

1  ’3.6 

1  14.8 

1  10.0 

SENSITIVITY  CURVES 

FOR  EXTERNAL 

INSTALLATION  (A-l  ) 

The  recuperator  and  engine  weight  and  cost  data  plotted  are  for  tne  opti¬ 
mum  units  selected  in  the  previous  sect. on  and  outlined  in  Table  XIII. 

The  two  curve  sheets  necessary  for  the  sensitivity  plots  are  shown  in 
Figures  71  and  72.  With  recuperator  effectiveness  and  pressure  loss  as 
the  two  main  parameters,  the  curves  shown  on  Figure  71  can  be  summarized 
as  fol lows: 


a.  Effectiveness  -  SFC  relationship  for  lines  of  constant  recuper¬ 
ator  pressure  loss. 

b.  Effectiveness  -  Recuperator  weight  for  lines  of  constant  recup¬ 
erator  pressure  loss. 

c.  Effectiveness  -  Relative  recuperator  cost  for  lines  of  constant 
recuperator  pressure  loss.  In  these  curves  a  recuperator  cost 
factor  ie  shown  wi t'i  a  datum  value  of  unity  for  the  reference 
engine  conal  Hons. 

d.  Effectiveness  -  Difference  in  engine  weights  between  recupera¬ 
tive  and  nonrecuperat ive  variants  at  the  same  power  level  for 
lines  of  constant  recuperator  pressure  loss. 

e.  fectiveness  -  Engine  weight  for  lines  of  constant  recuperator 
pressure  loss. 

f.  Effectiveness  -  Relative  engine  cost  for  lines  of  constant  re¬ 
cuperator  pressure  loss.  In  these  curves,  an  engine  cost  factor 
is  shown  with  a  datum  of  unity  at  the  reference  engine  conditions 
(recuperator  effectiveness  of  0.65  and  pressure  loss  of  6 
percent). 
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Figure  71.  Sensitivity  Curves  for  Engine 
Conf igurat ion  A-l . 
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Recuperator  weight  and  cost 
Engine  weight  and  cost 
Engine  power  and  SEC 

Fuel  saved  compared  with  nonrecuperat i ve 


Figure  72.  Sensitivity  Curves  for  Engine 
Configuration  A- I . 
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SFC  -  Weight  or  fuel  saved  between  recuperative  and  non- 
recuperative  variants  at  the  same  power  level  for  lines  of 
constant  mission  time. 

The  other  family  of  curves  shown  on  Figure  72  can  be  summarized  as 
fo 1  lows : 

h.  Effectiveness  -  Engine  power,  for  lines  of  constant  recuperator 
pressure  loss. 

i.  Four  basic  plots  of  effectiveness  -  Net  weight  saving  by  using 
recuperative  engine  for  lines  of  constant  mission  time.  The 
four  basic  plots  are  for  recuperator  pressure  loss  values  of  4, 

6,  8  and  10  percent. 

j.  Effectiveness  -  Minimum  flight  time  at  which  the  fuel  saving, 
by  using  the  recuperative  variant,  equals  the  additional  weight 
of  the  recuperator  for  a  recuperator  pressure  loss  of  6  percent. 

On  each  of  these  two  curve  sheets,  the  various  curve  arrays  outlined  above 
are  essentially  related  oy  common  basic  recuperator  parameters.  On  these 
figures,  a  dotted  line  is  shown  relating  the  various  curve  arrays  at  the 
reference  engine  conditions.  Use  of  the  curves  is  illustrated  in  an  example 
for  engine  configuration  A- I  given  in  Table  XIX. 

SENSITIVITY  CURVES  FOR  INTERNAL  INSTALLATION  (B-2,' 


The  recuperator  and  engine  weight  and  cost  data  plotted  are  for  the  optimum 
units  selected  in  a  previous  section  and  outlined  in  Table  XVI.  The  two 
curve  sheets  necessary  for  the  sensitivity  plots  are  shown  in  Figures  73 
and  74.  The  graphical  format  is  the  same  as  that  used  for  the  external 
type  of  installation  described  above.  Use  of  the  curves  is  illustrated  in 
an  example  for  engine  configuration  B-2  given  in  Table  XX. 

PERFORMANCE  OF  EXTERNAL  ENGINE  INSTALLATION  (A- I 


For  a  continuous-duty  industrial  gas  turbine,  where  minimization  of  overall 
engine  weight  and  package  size  are  not  the  influencing  features  in  the 
engine  design,  there  is  naturally  a  big  incentive  in  selecting  a  high  effec¬ 
tiveness  recuperator  to  realize  the  maximum  possible  fuel  savings.  For 
such  units,  with  life  requirements  often  in  excess  of  50,000  hr.  the  fuel 
cost  represents  a  high  percentage  of  the  overall  operating  cost  over  the 
life  of  the  machine.  To  minimize  overall  operating  costs  of  such  machines, 
low  specific  fuel  consumptions  can  be  achieved  by  high  degrees  of  recupera- 
t  ion. 

For  aircraft  gas  turbines  there  is  also  a  requirement  for  low  fuel  consump¬ 
tions.  However,  for  machines  of  this  type,  designed  for  relatively  short 
life  requirements  and  short-duration  continuous-duty  periods,  the  ground 
rules  for  heat  exchanger  selection  are  different.  For  short- durat i on 
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Figure  73.  Sensitivity  Curves  for  Engine 
Configuration  B-2. 
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TABLE  XX.  EXAMPLE  ON  USE  OF  SENSITIVITY  CURVES 
FDR  ENGINE  CONFIGURATION  B-2 


Recuperator  Effectiveness 

0.65 

0.70 

Recuperator  Pressure  Loss  (AP/P),  $ 

6.0 

6.0 

Figure  73  a) 

SFC,  lb/hp  hr 

0.365 

0.356 

b) 

Recuperator  weight,  lb 

47.4 

58.0 

c) 

Recuperator  cost  factor 

1.0 

1.32 

d) 

Difference  in  engine  weight,  lb 

63.6 

74.2 

e) 

Engine  wei ght,  1b 

173.6 

184.2 

f) 

Engine  cost  factor 

1.0 

1.072 

g) 

Fuel  saved,  lb# 

97.5 

106.2 

Figure  74  h) 

Engine  power 

962.7 

961.0 

0 

Net  weight  savings,  lb 

** 

#* 

j) 

Break-even  time,  minutes*#* 

39.2 

41.9 

*Fuel  saved  given  in  ib/hr  (i.e.,  for  a  I - hr  mission  time) 

**Net  weight  savings  is  defined  as  the  difference  in  fuel  consumption 
minus  the  difference  in  engine  weights  for  the  recuperative  and  non- 
recuperative  variants.  From  Figure  74,  it  can  be  seen  that  the  net 
weight  savings  is  dependent  on  mission  time.  For  example,  at  a  mission 
time  of  2  hours,  the  net  weight  savings  would  be  131.4  lb  and  138.2  lb 
for  the  above  effectiveness  values  of  0.65  and  0.70,  respectively. 

***Break-even  time  is  defined  as  the  time  in  which  the  additional  weight 
of  the  recuperative  engine  is  offset  by  the  decreased  fuel  consumption. 
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flights,  only  a  small  fuel  weight  saving  would  be  achieved  using  a  recupera¬ 
tive  engine  compared  with  a  non-heat-exchanged  version.  For  such  flights, 
the  utilization  of  a  high  effectiveness  recuperator  will  result  in  a  para¬ 
sitic  weight  penalty,  since  fuel  weight  saving  is  less  than  the  additional 
weight  of  the  recuperator. 

For  r>  given  pressure  loss,  it  can  be  seen  from  Figure  72  that  an  effective¬ 
ness  can  be  selected  to  give  the  maximum  net  weight  savings  for  a  given 
mission  time.  Typically,  for  the  6-percent  pressure  loss  recuperator,  it 
can  be  seen  that  a  minimum  b^eak-evun  time  of  56  min  corresponds  to  an 
effectiveness  of  60  percent.  Recuperator  effectiveness  for  maximum  net 
weight  savings  for  different  mission  times  is  given  below: 

Mission  time,  hours  *  1.5  2.0  2.5  3.0 

Recuperator  effective-  0.61  0.657  0.706  0.752  0.80 

ness  for  maximum  net 
weight  savings 

A  curve  array  summarizing  the  performance  of  the  A-!  engine  configuration 
is  shown  in  Figure  75.  The  basic  carpet  plot  relates  recuperator  effect¬ 
iveness  and  pressure  loss  with  engine  weight.  Superimposed  on  this  map 
are  lines  of  constant  specific  fuel  consumption  and  lines  of  engine  cost 
factor.  This  figure  supplements  the  main  sensitivity  curves  and  provides 
a  simple  means  of  rapidly  determining  the  effect  of  small  changes  in  any 
one  of  the  basic  parameters. 

PERFORMANCE  OF  INTERNAL  ENGINE  INSTALLATION  (B-2) 

The  comments  given  above  for  the  external  installation  equally  apply  here, 
and  for  a  given  pressure  loss,  it  can  be  seen  from  Figure  74  that  an 
optimum  effectiveness  can  be  selected  to  give  the  maximum  net  weight  sav¬ 
ings  for  a  given  mission  time.  Typically,  for  the  6-percent  pressure  loss 
recuperator,  it  can  be  seen  that  a  minimum  break-even  time  of  37.5  minutes 
corresponds  to  an  effectiveness  of  58  percent.  Recuperator  effectiveness 
for  maximum  net  weight  savings  for  different  mission  times  is  given  below: 

Mission  time,  hours  1  1.5  2  2.5 

Recuperator  effectiveness  0.645  0.704  0.747  0.787 

for  maximum  net  weight 

savings 

A  curve  array  summarizing  the  performance  of  the  B-2  engine  configuration 
is  shown  in  Figure  76.  This  figure  supp. aments  the  main  sensitivity  curves 
and  provides  a  simple  means  of  rapidly  determining  the  effect  of  small 
changes  in  any  one  of  the  basic  parameters. 
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Total  weight  of  recuperative  engine, lb 


Figure  75.  Curve?  Showing  Re 1 at i on?h ■ ps  Between  Recuperator 

Parameters  and  Fngine  Weight,  Fuel  Consumption,  and 
Relative  Cost  for  Configuration  A-l. 
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Figure  76.  Curves  Showing  Relationships  Between  Recuperator  Parameters 
Weight,  Fuel  Consumption,  and  Relative  Cost  for  Configurate 


SENSITIVITY  STUDY  SUMMARY 


The  curve  arrays  have  been  presented  in  such  a  manner  that  the  effect  of  a 
smell  change  in  one  of  the  salient  variables  on  the  overall  system  can  be 
readily  seen  and  evaluated.  The  additional  curve  in  Figure  77  shows  the 
fuel  savings  in  gallons  per  hour  by  using  a  recuperative  engine.  At  the 
reference  engine  conditions,  in  the  order  of  14.5  gallons/hour  are  saved 
by  using  a  recuperative  engine.  Additional  curves  are  included  which  show 
the  fuel  cost  savings  using  the  recuperative  engine  for  a  range  uf  fuel  costs. 

The  question  of  what  the  fuel  will  cost  the  user  in  remote  areas  has  not 
been  examined  in  this  study.  As  long  as  aircraft  fuel  will  be  required  in 
remote  areas  where  this  fuel  will  have  to  be  transported  by  aircraft,  the 
cost  of  fuel  will  be  considerably  higher  than  10  cents/gallon  dockside  cost. 
From  the  curves  in  Reference  6,  the  cost  of  fuel  delivered  by  helicopters 
for  a  radius  of  100  nautical  miles  is  estimated  to  be  in  the  order  of  $1  per 
gallon.  For  the  engine  considered  in  this  study,  with  a  life  requirement 
of  1000  hours,  the  aeded  cost  of  the  recuperative  variant  could  be  offset 
with  a  fuel  cost  of  1  tea  than  $1  per  gallon. 

A  summary  of  the  two  recuperative  engines  (at  the  reference  engine  conditions) 
and  the  nonrecuperated  engine  is  outlined  in  Table  XXI. 

To  compare  the  estimated  performance  of  the  recuperative  engine  with  cycle 
data  from  previous  engine  studies,  the  design  values  of  specific  fuel  con¬ 
sumption  and  specific  power  (at  the  reference  engine  conditions)  are  shown 
plotted  on  Figures  78  and  79}  the  basic  curves  shown  on  these  plots  are 
taken  from  Reference  7. 


Unas  of  fual  cost,  S/gal  Curves  based  on  a  fuel  density  of  6.6$  Ib/gal 
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Figure  77.  Relationships  Between  Recuperator  Parameters  and  Fuel 
Savings  by  Using  a  Heat-Exchanged  Engine. 


TABLE  XXI.  PERFORMANCE,  WEIGHT,  AND  COST  SUMMARY  FOR  NONRECUPERATIVE 


AND  RECUPERATIVE 

ENGINES  AT  THE  REFERENCE  ENGINE 

CONDITIONS 

Engine  Configuration 

A-l 

8-2 

Non- 

recuperat i ve 

Inslal lation  Type 

External 

Internal 

Not  defined 

Figure  Number 

4 

34 

5 

Airflow,  Ib/sec 

5.0 

5.0 

4.71 

Recuperator  rffecti veness 

0.65 

0.65 

- 

Recuperator  Press  Loss 

6.0 

6.0 

- 

Specific  Power,  hp/ Ib/sec 

192.54 

192.54 

204.39 

Horsepower 

962.7 

962.7 

962.7 

Specific  Fuel  Consumption, 
lb/hp/hr 

0.365 

0.365 

0.4663 

Recuperator  Wei ght,  lb 

76.6 

47.4 

- 

Specific  Recuperator  Weight, 

1 b/lb/sec 

15.32 

9.48 

- 

Engine  Weight,  lb 

202.8 

173.6 

1  IC.O 

Specific  Engi ne  Wei ght, 
lb/lb/sec 

40.56 

34.72 

23.35 

Horsepower/ Eng i ne  Weight 

4.75 

5.55 

8.75 

Engine  Overal 1  Diameter,  in. 

23.45 

19.04 

14.00 

cngi ne  Overal 1  Length,  in. 

29.90 

28.50 

28.55 

Engine  Cost,  $/hp 

46.40 

42.90 

33.24 
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Consumption  Versus  Pressure  Rati 


RESULTS 
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In  this  study,  analytical  and  design  approaches  have  been  presented  for  two 
integrated  engine  designs.  In  both  configurations,  the  recuperator  is  con¬ 
sidered  to  be  the  prime  element  and  forms  the  structural  backbone  of  the 
turbomachinery  assembly.  Using  the  same  cycle  conditions  and  component 
efficiencies,  a  simple  cycle  engine  design  has  been  presented  to  enable  a 
comparison  of  performance,  weight,  and  cost  to  be  made  between  j  nonrecupera- 
tive  and  a  recuperative  engine,  at  the  same  power  level. 

All  the  variants  presented  have  a  simple  two-shaft  turbomachinery  layout. 

A  power  turbine  consisting  of  two  axial  stages  is  used,  and  the  output  shaft 
is  located  at  the  rear  of  the  engine  to  obtain  a  simplified  shafting  and 
bearing  system.  A  single-stage  axial  gas  generator  turbine  is  used  to  drive 
the  compressor,  which  embodies  a  single  axial  and  centrifugal  stage.  All 
turbcmachinery  designs  have  a  fixed  geometry,  and  for  the  turbine  inlet  tem¬ 
perature  of  2300°F,  a  total  bleed  airflow  of  3-1/2  percent  is  appropriated 
for  the  cooling  of  the  first-  and  second-stage  nozzles  and  the  first-stage 
blade.  No  final  reduction  gearbox  design  has  been  proposed,  and  a  power 
turbine  shaft  output  rotational  speed  of  40,000  rpm  has  been  assumed. 

For  both  internal  and  external  engine  installations,  the  recuperator  con¬ 
figurations  proposed  are  annular  designs,  wrapped  around  the  turbomachinery 
to  give  a  fully  integrated,  lightweight,  compact  engine  package.  This 
annular  concept  is  structurally  desirable,  in  that  the  heat  exchanger  and 
rotating  components  are  concentric,  and  the  need  for  additional  ducting  to 
take  the  air  and  gas  to  and  from  the  recuperator  is  eliminated. 

In  comparing  several  types  of  heat  exchanger  surface  geometries,  it  was  con¬ 
cluded  that  lightweight,  compact  recuperators  could  be  realized  using  dimpled 
plain  tube  surface  geometries.  It  was  also  found  that  minimum  weight,  two- 
pass  cross-counterf low  designs  could  be  achieved  by  having  the  high-pressure 
compressure  discharge  air  flowing  inside  the  dimpled  tubes  and  by  having  the 
low-pressure  turbine  exhaust  gas  flowing  across  the  tube  bundle. 

Data  presented  in  the  parametric  study  showed  that  unrealistic  recuperator 
sizes,  as  regards  compatibility  with  the  aircraft  turbomachinery,  resulted 
for  effectiveness  values  much  greater  than  80  percent  and  for  pressure  loss 
values  less  than  4  percent.  From  the  tables  of  selected  optimum  designs, 
it  has  been  shown  that  for  the  high  effectiveness  cases,  very  small 
hydraulic  diameter  surfaces  must  be  used  to  give  units  that  have  inner  and 
outer  diameters  that  are  compatible  with  the  turbomachinery.  In  this  study, 
the  smallest  tube  diameter  considered  practical  for  compact,  low-cost, 
tubular  gas  turbine  application  was  0.075  in.  Where  detailed  drawings  were 
available,  detailed  cost  analyses  were  carried  out  at  the  reference  engine 
conditions,  enabling  realistic  estimates  to  be  made  for  the  detail  parts. 
Knowing  the  exact  cost  breakdown  for  the  reference  engine  designs,  a  series 
of  equations  was  developed  such  that  costs  of  units  over  a  wide  range  of 
effectiveness  and  pressure  loss  could  be  estimated  with  a  high  degree  of 
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confidence.  From  the  cost  curves  presented  in  the  sensitivity  study,  it 
has  been  shown  that  the  recuperator  and  engine  costs  are  a  strong  function 
of  heat  exchanger  effectiveness. 

In  comparing  the  selected  A-l  and  B-2  designs  at  the  reference  engine  con¬ 
ditions,  it  is  apparent  that  the  added  structure  associated  with  the  exter¬ 
nal  type  of  installation  results  in  a  considerable  weight  penalty.  The 
difference  in  weight  between  the  two  designs  is  29.2  lb,  which  reflects 
almost  a  17-percent  increase  in  engine  weight  for  the  A-l  design  compared 
with  the  much  simpler  B-2  configuration.  The  recuperator  specific  weights 
at  the  reference  engine  conditions  are  15.32  lb/lb/sec  and  9.48  Ib/lb/sec 
for  configurations  A-l  and  B-2,  respectively.  The  ratios  of  tube  weight  to 
total  recuperator  weight  for  configurations  A-l  and  B-2,  at  the  reference 
engine  conditions,  are  35.5  percent  and  56.8  percent,  respectively.  This 
additional  weight  clearly  shows  up  in  the  break-even  time,  which  is  defined 
as  the  flight  time  in  which  the  additional  weight  of  the  recuperative  engine 
is  offset  by  the  decreased  fuel  consumption.  At  the  reference  engine  con¬ 
ditions,  the  break-even  times  for  the  A-l  and  B-2  configurations  are  57.0 
min  and  39.2  min,  respectively. 

To  date,  most  of  the  research  conducted  in  the  area  of  recuperative  aircraft 
gas  turbines  has  been  aimed  at  advancing  heat  exchanger  technology  and 
applying  the  units  to  existing  engines,  which  have  to  be  modified  to  in¬ 
corporate  the  recuperator.  The  maintenance  and  operating  costs  of  these 
engines,  with  essentially  bolt-on  recuperators,  are  virtually  unknown  since 
experience  gained  in  actual  aircraft  installations  is  minimal.  For  the 
types  of  advanced  designs  presented  in  this  study,  in  which  the  recuperator 
and  its  associated  structure  are  considered  during  the  design  phase  of  the 
engine,  there  is  no  reason  to  doubt  that  with  development,  the  recuperator 
reliability  will  be  made  eoual  to  that  of  the  other  major  engine  components. 
If  this  is  the  case,  the  maintenance  costs  of  the  recuperative  engine  should 
essentially  be  the  same  as  the  nonrecuperat i ve  engine. 

At  the  extremes  of  the  range  of  recuperator  variables  considered,  the  low¬ 
est  SFC  engine  corresponds  to  a  recuperator  effectiveness  and  pressure  loss 
of  0.80  and  4  percent,  respectively.  The  highest  SFC  engine  corresponds  to 
a  recuperator  effectiveness  and  pressure  loss  of  0.40  and  10  percent,  re¬ 
spectively.  A  comparison  of  these  engines  with  the  reference  engine  and 
the  nonrecuperat i ve  engine  is  outlined  in  Table  XXII. 

In  the  sensitivity  study,  curves  have  been  presented  that  show  the  selection 
of  optimum  recuperator  effectiveness,  for  maximum  net  weight  savings,  to  be 
dependent  on  mission  time.  The  fact  that  the  net  weight  savings  curves  have 
a  maximum  point  shows  that  for  short-duration  flights,  the  quest  for  low 
SFC  by  utilizing  a  high  effectiveness  recuperator  is  not  justified.  Beyond 
the  maximum  point  on  the  curve,  the  fuel  weight  saving  benefit  from  using  a 
high  effectiveness  value  becomes  offset  because  of  the  associated  increase 
in  recuperator  weight.  Since  the  positive  slope  of  the  curve  toward  the 
maximum  point  is  small,  low-effectiveness  recuperators  can  be  used  with 
only  a  very  small  penalty  in  net  weight  savings.  This  of  course  results  in 
an  engine  of  considerably  reduced  cost.  This  effect  is  best  illustrated  by 


TABLE  XXII.  ENGINE  DESIGN  SUMMARY  FOR  RANGE 
OF  SFC  COVERED  IN  ANALYSIS 


Low 

SFC  Engine 

Reference 
Engi ne 

High 

SFC  Engine 

Nonrt- 

Engine 

Confi guration 

A”  1 

B-2 

A-l 

B-2 

A-l 

8-2 

cuperated 
engi ne 

Recuperator 

Effectiveness 

0.80 

0.80 

0.65 

0.65 

0.40 

0.40 

- 

Recuperator 

Pressure 

Loss,# 

4.0 

4.0 

6.0 

6.0 

10.0 

10.0 

SFC, lb/hp  hr 

0.333 

0.333 

0.365 

0.365 

0.425 

0.425 

0.4663 

Specific 

Power,  hp/lb/sec 

194.70 

194.70 

192.54 

192.54 

187.5 

187.5 

204.39 

Engine 

Weight,  lb 

303.7 

248.3 

202.8 

173.6 

161. 1 

147.7 

1  10.0 

Power /Wei ght. 

hp/lb 

3.20 

3.92 

4.75 

5.55 

5.82 

6.35 

8.75 

Engine  OD,  in. 

26.3 

23.18 

23.45 

19.04 

19.60 

19.58 

14.0 

Engine 

Length,  in. 

40.5 

33.0 

29.90 

25.50 

28.7 

28.5 

28.55 

Engine  Cost 

Factor 

2.06 

1 .94 

1 .40 

1.29 

1  . 14 

1 .12 

1  .00* 

-  ‘in  - 

*Nonrecuperat i ve 

engine 

cost  as 

datum  for 

- v . 

comparison 
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examples  for  both  the  A-l  and  B-2  engine  configurations.  Assuming  that  re¬ 
cuperator  pressure  loss  of  6  percent  is  selected,  and  a  design  is  being 
considered  for  a  vehicle  with  a  mission  time  of  2  hours,  then  the  following 
data  can  be  taken  from  the  sensitivity  curves  for  the  A-l  engine  configura¬ 
tion: 


Effectiveness 

0.50 

0.55  0.60 

0.65 

0.706  0.75 

0.80 

New  weight 
savings,  lb 

70.7 

83.4  93.4 

102.2 

106.5  102.2 

94.0 

Engine  cost 

■f  Ai* 

1  <JV  V  V  1 

0.879 

0.910  0.947 

1.00 

1.09  1.185 

1.342 

From  the  above  data  taken  from  the  sensitivity  curves,  it  can  be  seen  that 
the  maximum  weight  savings  corresponds  to  an  effectiveness  of  0.706.  Assum¬ 
ing  that  an  effectiveness  of  0.55  is  selected,  then  a  reduction  in  net 
weight  saving  of  23.1  lb  results,  but  the  actual  cost  of  the  engine  is 
decreased  by  almost  20  percent. 

Similarly  for  the  8-2  engine  configuration,  the 
from  the  sensitivity  curves: 

following  data  can  be  taken 

Effectiveness 

0.50 

0.55  0.60 

0.65 

0.70  0.747 

0.80 

Net  weight 
savings,  lb 

93.5 

108.4  120.6 

131.4 

138..  140.0 

136.4 

Engine  cost 

0.90 

0.926  0.955 

1 .00 

1.072  1.18 

1.395 

factor 

From  the  above  data  and  the  sensitivity  curves,  it  can  be  seen  that  the  maxi¬ 
mum  net  weight  savings  corresponds  to  an  effectiveness  of  0.747.  Assuming 
that  an  effectiveness  of  0.55  is  selected,  then  a  reduction  in  net  weight 
savings  of  31.6  lb  results,  but  the  actual  cost  of  the  engine  is  decreased 
by  almost  28  percent. 

The  actual  tradeoff  between  net  weight  saving  and  engine  cost,  etc.,  is 
dependent  on  the  mission  time  and  particular  application;  however,  effects 
of  small  changes  in  ary  one  of  the  basic  parameters  can  be  rapidly  examined 
using  the  sensitivity  curve  arrays  presented. 
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CONCLUSIONS 


This  study  has  shown  that  for  mission  times  of  less  than  half  an  hour, 
there  is  no  net  weight  advantage  in  using  a  recuperative  engine.  The 
optimum  effectiveness  and  pressure  loss  for  maximum  net  weight  savings  are 
dependent  on  mission  time.  High  effectiveness  units  are  only  beneficial 
for  flight  times  in  excess  of  3  hours.  For  mission  times  in  the  order  of 
2  hours,  maximum  net  weight  savings  are  realized  with  recuperator  effec¬ 
tiveness  values  in  the  range  0.60  to  0.70. 

Economic  justification  of  the  recuperative  engine,  from  the  standpoint  of 
fuel  cost  savings,  is  very  much  dependent  on  the  mission  profile  and  the 
actual  cost  of  the  fuel.  The  total  engine  cost  is  a  strong  function  of 
recuperator  effectiveness.  A  direct  recuperator  cost  comparison  with 
units  already  in  existence  would  not  be  meaningful,  since  for  the  inte¬ 
grated  design,  part  of  the  recuperator  cost  Is  associated  engine  prime 
structure.  At  the  reference  engine  value  of  effectiveness  of  0.65,  the 
cost  ratios  of  recuperative  to  nonrecuperative  engines  were  1.29  and 
1.39  for  the  internal  and  external  types  of  installation  respectively. 

Well  integrated  designs  were  achieved  by  utilizing  an  annular  recuperator, 
of  tubular  construction,  wrapped  around  the  turbomachinery  to  give  a  com¬ 
pact  lightweight  engine  package.  Having  such  an  arrangement,  with  the 
recuperator  and  turbomachinery  concentric,  minimizes  any  distortion, 
temperature  differentials,  and  pressure  losses,  and  having  all  the  ducts 
integral  with  the  engine  structure  contributes  to  lower  overall  engine 
cost.  With  the  annular  recuperator  wrapped  around  the  turbomachinery  to 
give  a  compact,  integral  unit,  additional  secondary  benefits  can  be 
realized.  In  combat  areas,  one  bullet  could  severely  damage  a  non¬ 
recuperative  engine,  but  the  heat  exchanged  variant,  although  bigger  in 
exposed  area,  is  less  vulnerable  because  the  recuperator  protects  the 
rotating  components,  and  even  with  local  damage  in  the  matrix,  resulting 
in  loss  of  performance,  the  helicopter  or  aircraft  could  still  fly  back  to 
base.  In  addition,  the  recuperator  will  provide  turbine  self-containment, 
and  should  result  in  a  reduced  engine  noise  level  compared  with  existing 
designs. 

Ease  of  routine  inspection  and  maintenance  is  emphasized  for  the  integral 
type  of  design  concept.  With  a  single  tool,  the  engine  assembly  can  be 
split  into  the  three  basic  modules,  namely,  the  gas  generator  power 
section,  the  power  turbine,  and  the  recuperator,  in  just  a  few  minutes. 

The  axi a  I -centr i fugal  compressor  performance  estimates  were  based  on  ad¬ 
vanced  technology  projections  considered  to  be  achievable  within  a  3-vear 
development  period.  With  a  turbine  inlet  temperature  of  2300°F,  and  only 
3-1/2  percent  of  the  compressor  air  flow  available  for  cooling,  highly 
sophisticated  vane  and  blade  cooling  techniques  must  be  developed,  in  com¬ 
bination  with  advanced  materials,  which  would  allow  metal  temperature  in 
excess  of  I800°r.  The  small  volume  radial  combustor  is  an  advanced  design 
and  should  have  starting  capability  up  to  33,000  ft  when  developed,  and 
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will  maintain  a  high  level  of  efficiency  over  a  wide  operating  range, 
tubular  recuperator  performance  estimates  and  proposed  manufacturing 
techniques  are  based  on  state-of-the-art  technology. 
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Two  integrated  engine  concepts  have  been  designed  by  utilizing  an  annular  recu¬ 
perator  of  tubular  construction  wrapped  around  the  turbomachinery  to' give  compact, 
lightweight  engine  packages.  In  both  designs,  the  recuperator  is  considered  to 
be  prime  structure  and  acts  as  the  structural  backbone  of  the  engine  assembly. 

For  the  cycle  conditions,  with  an  airflow  of  5  lb/sec,  pressure  ratio  of  9:1,  and 
a  turbine  inlet  temperature  of  2300°F,  a  family  of  lightweight  engine  designs  has 
been  established  over  a  range  of  recuperator  effectiveness  from  0.40  to  0.80  and 
a  range  of  pressure  loss  from  4  percent  to  10  percent.  At  the  extreme  end  of  the 
ranges  of  variables,  an  engine  design  is  included  with  a  specific  fuel  consumption 
of  0.333  lb/hp  hr,  the  corresponding  specific  power  being  194.70  hp/lb/sec.  This 
performance  is  achieved  within  an  engine  envelope  of  23.  !8  in.  diameter  by  33.0 
in.  length;  the  specific  weight  of  the  unit  Is  49.66  lb/lb/sec. 

In  the  analysis,  a  reference  engine  design  was  established  with  a  recuperator 
effectiveness  and  pressure  loss  of  0.65  and  6  percent  respectively.  With  an  SFC 
and  specific  power  or  0.365  and  192.54  respectively,  the  specific  weight  of  the 
lightest  design  was  34.72.  This  performance  is  achieved  within  an  engine  envelope 
of  19.04  in.  diameter  by  28.5  in.  length  and  at  an  estimated  cost  of  $42.9/horsepowe 
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